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PHYSICAL REVIEW 


IONIZATION IN GASES FROM COLORED FLAMES. 
By PERCIVAL LEWIs. 


SPECIFIC VELOCITY OF IONs. 


“THE velocity of the ions in gases from the colorless bunsen 

flame was measured by McClelland.’ His results (corrected 
for an obvious error in transforming from natural to ordinary loga- 
rithms) show specific ionic velocities of about 0.53, 0.48 and 0.09 


re) 


cm./sec. volt/cm. in regions having temperatures of about 230°, 
160° and 105° C., respectively. No one seems to have determined 
the velocity of the ions from flames colored with metallic salts. 

It was found by the writer that the rate of discharge of an elec- 
troscope brought near a bunsen flame is reduced when a salt of any 
alkali metal is introduced into the flame. As the conductivity of 
the flame itself is greatly increased under such conditions, it seemed 
probable that the reduced conductivity of the hot gases could not 
be due to diminished ionization, but either to a much greater rate of 
recombination or to greatly reduced velocity of the ions. Some 
preliminary experiments showed the rate of recombination of the 
ions from the colored flame is not greater than that of the ions from 
the colorless flame, but that their velocity is very much less. 

The velocity of the ions was measured by the method described 
by McClelland. Above the flame was placed a long cylindrical 


brass chimney, 1.6 cm. in diameter (see Fig. 1), with a funnel-shaped 


1 McClejland, Phil. Mag., 46, p- 29, 1808. 
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opening at the bottom, to collect the hot gases. In the axis of the 
tube, at distances of 15 cm. from center to center, were suspended 
three cylindrical aluminum electrodes, A, B and C, each 12 cm. 
long and 6 mm. in diameter. These were insulated from the con- 

centric brass chimney by small glass tubes passing 


horizontally through hard rubber plugs in the walls 


Cc i , , 
of the tube and containing the connecting wires. 
The outer cylinder and the flame were kept con- 
g nected with the earth; any one of the electrodes 


could be connected with one pair of quadrants of 
a Dolezalek electrometer and charged bya battery 
of small storage cells giving a maximum potential 


-A S 
of about 300 volts. The other quadrants were 








connected to earth. The lower electrode A was 
J about 15 cm. above the flame. By means of a 
Gouy injector salt solutions were sprayed into a 


Fig. 1. ° . 
chamber through which the gas passed into the 


burner, carrying the spray with it. 

In making velocity determinations, the upper electrode C was 
first charged to such a high potential as to give a saturation current 
/, through the ionized gas between the electrode and the surround- 
ing tube.' Uf the tube is at zero potential, the current will be carried 
solely by ions of sign opposite to that of the charge on the electrode. 
If V, be the tota! number of ions reaching the electrode per second 


and ¢ the ionic charge, the current is 


J=N f. 


If, now, B is likewise charged with electricity of the same sign, 
the number of ions reaching C will be diminished by the number 


attracted to 4, and the discharge current from C will be 


If the difference of potential between the electrodes is V’ and the 
radii of the rod and the tube are 7, and & respectively, the electric 


force at a distance rv from the electrode is 


1See Rutherford, Radioactivity, p. 40. 




















No. 6.] IONIZATION IN GASES FROM COLORED FLAMES. 355 


If the specific ionic velocity is wv, the radial velocity v, at a dis- 
tance 7 from the axis of the electrode is 


I 


ries 


v=Av= . 
r ] 
r log, — 
f 


The time required for the ions to reach the electrode is 


R R 
log ‘nb log ant 
" dr ea se " ha on ‘ fa 2 
t= | - =| Ve YAY = Ve (“—7r,). 
ee) . vr ’ ev. 


If /is the length of the electrode, only those ions will reach it 
which are not carried above it by the rising current in the time /¢, 
or which pass within the radius vr. If « be the upward gas velocity, 


this time 7 is also 


/ 
{im-, 
u 
From which 
> 
log, — 
uo 
- = r—?) 
Zt 21 v \ ® )» 
> 
u log, — 
v= (fo? 
27 \ o) 


If the ions are uniformly distributed through the cross-section of 
the tube, 


Therefore, 
[— Jf r—r? d—d, 


TO oe d 


0 v0 


d, and d, being the respective rates of discharge of the electrom- 


eter in scale divisions. From which we have, 
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r 4 ° 
v= ae (Rk? — 77), 
2V/ a ; 


0 

In this way the specific ionic velocity v of the ions as they pass 
B may be determined. The upward velocity « of the flame gases 
must be known to obtain exact values of 7; but as it was soon found 
that the specific ionic velocity varies with the concentration of the 
solution in the flame, and as this is not capable of absolute determi- 
nation, it seemed unnecessary to spend any time on the exact 
measurement of «. As a rough approximation, it was found that 
was nearly 50 cm. per second, and this number was used in the 
calculations. The results are, therefore, not absolutely correct, but 
the relative values are probably fairly good. 

The first measurements were made on the ions from the uncolored 
flame, at an average distance of about 30 cm. from the tip of the 
flame, around electrode 4, where the temperature was about 150° 
The results were: 

WENCH GE DOUMIOE FOE iodine vncscececccssecesvessss 0.32 cm. sec. 


Velocity of negative ions ...........:::0001 sees eeeeeeee 0.33 cm./sec. 


McClelland found that the velocity rapidly diminishes with the 
temperature, being 0.48 cm./sec. at 160° and only 0.09 at a tem- 
perature of 105°. The above results are consistent with those found 
by McClelland. 

It was observed that these velocities were unchanged when either 
distilled or hydrant water was sprayed into the flame, showing that 
in the experiments described below the changes in velocity were not 
due to the water of the salt solution. It was also found that the 
gases from the colored flame were of about the same temperature 
as those from the uncolored, proving that the observed effects were 
not due to temperature changes. 

Preliminary observations showed that the ions from the colorless 
flame move with much greater velocity than those from colored 
flames. In order, therefore, to prevent confusion resulting from a 
mixture of ions moving with different velocities, the swifter ions 
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were removed by charging the electrode A to a few volts potential, 
sufficient to give a saturation current for these ions, while not ap- 
preciably disturbing the distribution of the slower ions. 

As already stated, the ions from the colored flame move with 
velocities varying with the concentration of the solution. A syste- 
matic series of measurements was taken, using solutions of different 
concentrations of various salts of the alkali and calcium metals. It 
is evident from the observed effect of varying concentration that the 
velocity varies with the activity of the sprayer, as well as with varia- 
tions in the height and temperature of the flame. In order, there- 
fore, that observations taken on different days and under different 
conditions might be comparable, the initial and final observations in 
each series were made with a standard normal solution of NaCl, 
thus obtaining a factor to reduce results for other salts to the same 
relative scale. 

The average velocities determined from a large number of read- 
ings with each solution are given in the accompanying table. Suc- 
cessive readings of rate of discharge, based on the time required for 
the spot of light from the electrometer mirror to pass over a given 
number of scale divisions, usually agreed within about 5 per cent. 

Since the velocity varies with the concentration of the salt in the 
flame, which is an unknown quantity, it is evident that only the 
relative values have any significance. 

The following conclusions may be derived from these figures: 

1. The velocity of ions of the same sign from equimolecular 
(not chemically equivalent) solutions of all salts of all alkali metals 
is the same. This is also true of salts of the calcium group, but 
for these the velocities are less than two thirds those of the alkali 
group. 

2. The velocity of the negative ions is in all cases somewhat 
greater than that of the positive. The ratio of these velocities is 
for all concentrations very nearly 1.13. 

3. The specific ionic velocity varies inversely as the square root 
of the concentration of the salt in the flame, and consequently may 
vary with the activity of the sprayer with solutions of the same 
concentration. As shown in the table the product of velocity and 


square root of the concentration fluctuates about a mean value, 
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differing from it by as much as 10 per cent. only in two or three 
cases. 

The diminished velocity of the ions as the temperature falls or 
with the lapse of time is usually attributed to the formation of 
molecular aggregates about the original ions as nuclei, as illus- 
trated in the condensation of water vapor on ions. If this is the 
explanation of the observed changes in velocity with changes in 
concentration, it would appear that ions from colored flames do not 
tend to form aggregates with the molecules of the surrounding 
atmospheric or flame gases or water vapor, but only with molecules 
of their own or similar kind. That they may form aggregates with 
molecules of a similar kind is shown by the fact that when a nor- 
mal solution of a sodium salt is added to a normal solution of a 
potassium salt no change in ionic velocity is observed, although the 
sodium salt or the potassium salt solution fer se is reduced thereby 
to half its original concentration. 

As shown by the experiments of Townsend and of Langevin 
and in accordance with the theoretical deductions of J. J. Thom- 
son,' the coefficients of diffusion and the velocities of the ions 
in a given gas are inversely proportional to the pressure of that 
gas. The changes of velocity here described, however, are not 
due to variations of the total pressure; they would be inversely 
proportional to the partial pressure of the ions concerned if we 
assume that ionization is proportional to the square root of the 
concentration. Townsend has shown, however, that the coefficients 
of diffusion of the ions produced in any gas by the action of Ront- 
gen rays, Becquerel rays, and ultra-violet light are the same; and 
Zeleny, Rutherford and Chattock? have shown that the veloc- 
ities of the ions produced by Rontgen rays, ultra-violet light, and 
the spark discharge are the same ; and yet in these several cases the 
degree of ionization}was probably very different. It does not 
appear to be generally true, therefore, that ionic velocities are 
inversely proportional to the partial pressure of the ions. That it 
appears to be so in this case may perhaps be explained as follows: 

Thomson, Cond. Elect. through Gases, p. 30; Townsend, Phil. Trans., 195, 259, 
1900; Langevin, Paris Thesis, 1902. 

? Rutherford, Proc. Cam. Soc., 14, p. 401, 1898. Zeleny, Phil. Trans., 195, p. 193, 
1900. Chattock, Phil. Mag.,~ 46, p- 401, 1897. 
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Free diffusion of different gases takes place at a rate very nearly 
inversely as the square root of their molecular weights. As found 
by Townsend,’ the coefficients of ionic diffusion in various gases are 
also roughly in the same proportion. Measurements of the specific 
ionic velocities in various gases, made by Rutherford, Zeleny, Chat- 
tock, and others, show that these velocities vary approximately, 
according to the same law. There is, then, empirical evidence that, 
other things being equal, the mobility of either molecules or ions 
under the action of any forces acting on them is very nearly in- 
versely proportional to the square root of their mass. The same 
may be assumed to be true of molecular aggregates. If, then, an 
ion collects around it aggregates of molecules of its own kind, at 
every collision it will pick up a new molecule. The number of 
collisions, and therefore its mass after a given length of time, will be 
proportional to the concentration of those molecules. Hence it 
would follow that the ionic velocity will vary inversely as the 
square root of the concentration of molecules of the kind from 
which the ions originated. 

It appears that changes of velocity with concentration have not 
been previously noted except by Moreau,” who found that in the 
bunsen flame the velocity of negative ions of the alkali metals in- 
creases with diminishing concentration, but not so rapidly as is the 
case in the flame gases; and that at a given concentration the 
velocity in the flame varies inversely as the square root of the 
atomic weight of the metal. 

It remains to be explained why the ions of all salts of all similar 
metals move in the flame gases with the same velocity, without 
regard to great differences of the atomic weights concerned. As 
shown by others, this is also true of ions within the flame. It 
is possible that in all these cases we are not dealing directly with 
the different elements, but rather with secondary products of reac- 
tions in the flame, which are the same in every case. 

Various comparisons of the saturation currents in the gases from 
the colorless flame with those in gases from flames into which nor- 
mal solutions were sprayed, showed that in the latter case the cur- 

1 Townsend, Phil. Trans., 193, p. 127, 1901. 


2 Moreau, J]. de Physique, 2, p. 556, 1903. 
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rents were from ten to twenty times as great as in the former, the 
ratio varying with the distance from the flame. Since, however, 
the velocity of the ions from the colored flame is only about one 
fiftieth that of the other kind, the unsaturated current, dependent 
upon velocity of ions as well as upon degree of ionization, and ex- 
pressed thus, 
t= Nev, + 7_)X, 

may be much less in the case of the colored flame. Thus the ob- 
servations of the apparently decreased conductivity of the colored 
flame gases which led to this investigation are explained. It is also 
evident that, if we take account of the variation of velocity with 
concentration in the flame itself, as found by Moreau, we cannot 
determine the degree of ionization by conductivity experiments with 
small electromotive forces, but should in every case base conclusions 
only on saturation currents. 

Comparison with the results obtained by H. A. Wilson’ shows 


the following changes of velocity with temperature : 


In flame at 2000° (Wilson).............. 62 1000 
In heated tube at 1000° ( Wilson).. ... 5 Pe 26 
In flame gases at 150° (Lewis)......... .006 .007 


Wilson found that in the case of ions from solutions of calcium 
salts sprayed into a tube at 1000° the velocity of the positive ions 
was only 3.8 as compared with 7.6 tor the alkali metals —a _ pro- 
portion very nearly the same as that found in these experiments. 

These figures illustrate the rapid formation of aggregates as the 
temperature falls, with the resultant diminution in the difference be- 
tween the velocities of the positive and the negative ions. J. J. 
Thomson has suggested that the smaller velocities of ions from the 
calcium group found by Wilson indicates that bivalent ions form 
larger molecular complexes. 

RATE OF RECOMBINATION. 

One of the aluminum electrodes previously used was suspended 
inside a long brass tube 1.6 cm. in diameter by a fine insulated wire 
connected with the electrometer and charged by the battery. By 


iH. A. Wilson, Phil. Trans., 192, p. 499, 1899 
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placing this electrode at different distances from the flame and not- 
ing the rate of discharge the rate of recombination was determined. 
The saturation currents at different distances from the flame were 


proportional to the following numbers : 


Distance from Flame. 20 25 30 35 40 45 
Colorless flame. 40 21 ll 8 6 4 
NaCl normal. 100 74 60 52 44 - 
} normal. 75 60 44 38 oe = 
yx normal. 66 56 40 36 32 28 


These results are shown graphically in Fig. 2. 
From these figures it appears that the rate of recombination of 
the gases from the colorless flame is much greater than that of the 


gases from the colored flame. The latter rise 15 cm. in the tube 
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before the ionization is reduced to one half its original amount, 
while the gases from the former become half recombined in rising 
5 cm. Changes in concentration do not appreciably affect the 
gradient of the recombination curve for the gases from the colored 
flame. If the ionization in the gas is proportional to that in the 
flame, if the ionization in the latter is directly proportional to the 


square root of the concentration, as the experiments of Arrhenius 





ae 
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3 
and others indicate, and if the velocity varies inversely as the square 
root of the concentration, no change in the rate of recombination 
with concentration should be expected ; for this rate must be pro- 
portional to the product of number and velocity of ions present. 


Further tests were made to find how the ionization in the flame 
gases varies with the concentration of the solution used. 


RELATION BETWEEN CONCENTRATION AND CONDUCTIVITY. 

With an arrangement similar to that used in determining the rate 
of recombination, the saturation current was measured in two 
regions at an average distance of 20 and 60 cm., respectively, from 
the flame, with an electrode 12 cm. long; and as a further guaran- 
tee that the saturation should be complete, a third set of measure- 
ments was made with an electrode 25 cm. long at an average dis- 
tance of 40 cm. from the flame. The currents observed were pro- 
portional to the following numbers : 


Electrode 12 cm. Long. Electrode 25 cm. Long 
Distance. 
20 cm. 60 cm. 40cm. 

Colorless flame. 33 3.5 ll 
NaCl ,1, normal. 35 ll 28 

Low 44 15 35 

: “ 53 18 41 

“ 70 24 60 

l aa 100 32 79 


It appears, therefore, that the ionization increases rapidly with 
the concentration, but not in a proportion lying between the square 
root and the first power of the concentration, as appears to be the 
case within the flame.’ The proportion is, in fact, more nearly as 
the fourth root. Nevertheless, these results favor the view that the 
ionization within the flame is in part at least a volume effect, not 
purely a surface effect at the electrodes ; for in this case no elec- 
trodes in the flame were used, and yet great increase in ionization 
accompanied increase in concentration; and increased ionization in 
the flame-gases suggests increased ionization in the flame itself. 

At 20 cm. from the flame it is to be seen from the above figures 


1 J. J. Thomson, Cond. of Elect. Through Gases, p. 200. 
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that the saturation current is very nearly as great through gases 
from the colorless flame as through those from a flame sprayed 
with ,4, normal NaCl solution, and one third as great as when the 
solution is normal, although further away it is much less. This 
may in part be due to the fact that, on account of the great velocity 
of ions of the first kind near the flame, many ions are drawn up to 
the electrode from the flame itself as well as from the space between 
the electrodes, while this would not be true to the same extent of 
the slower-moving salt ions. Further observations indicated, how- 
ever, that this can hardly be the complete explanation, and that in 
reality the total ionization within the colored flame may not be 
greatly different from that in the pure flame, provided that the 


electrodes are not within the flame. 


> 


ToraL IONIZATION AT THE BOUNDARIES OF THE FLAME. 

Two rectangular electrodes were made out of sheet iron about 25 
by 30 cm., with a cylindrical depression hammered into each in 
such a way that when they were placed vertically and parallel to 
each other at a distance of about one cm. there was a central cylin- 
drical enlargement containing the flame. By this arrangement the 
electrodes almost completely surrounded the flame and had a large 
enough surface to insure a saturation current with a potential dif- 
ference of 250 volts. The currents observed were beyond the range 
of the electrometer, and a sensitive galvanometer was used instead. 
Some observations were made with the electrodes as near as possible 
to the flame without actually touching it, and others at varying dis- 
tances up to about 5 cm. apart. In all cases the ions were com- 
pletely collected by the electrodes, as shown by the fact that a charged 
electroscope held immediately above the flame was not discharged 
Below is given a series of galvanometer 


while the current was flowin 


ox 
Ss: 


deflections in millimeters, with the electrodes at different distances. 


Pure Flame. Flame Sprayed with Saturated NaCl Sol. 
8 17 
9 13 
9 14 
os 6 
3 5 
2 6 
2 3 


38 64 
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The rather remarkable fact seems demonstrated by these figures 
that there issue from the flame charged with saturated NaCl solution 
spray less than twice as many ions as from the pure flame, in spite 
of the well-known fact that when the electrodes are inserted in the 
flame the conductivity is greatly increased by the spray. It must be 
inferred, therefore, that the far greater ionization in the gases from 
the colored flame at a distance from the latter is not due to the fact 
that the initial ionization was greater in the same proportion, but 
rather to the fact that the ions in one case disappear by recom- 
bination, and in the other persist because of slower rate of recom- 
bination. 

It was found that a saturated solution of KI gave about three 
times as much current as the pure flame. This is in accordance with 
the well known fact that in the flame potassium salts are better con- 
ductors than sodium salts. 

Similar results were obtained by H. A. Wilson.’ 

These results (assuming proportionality between ionization inside 
the flame and that just outside of it) tend to confirm the view of J. 
J. Thomson and H. A. Wilson that the great conductivity of colored 
flames is principally due to the incandescent electrodes, particularly 
the cathode. * 

It is stated by Wilson (/oc. cit.) that an earthed strip of incan- 
descent platinum between electrodes just outside the flame greatly 
increased the conductivity. It was found, however, that the intro- 
duction of incandescent platinum or carbon in the flame produced 
no noticeable increase in the conductivity of the flame gases. 

These experiments are not wholly free from contradictory features. 
As we do not know that ionization within the flame and that just 
outside of it are strictly the same in character and proportional to 
each other, they do not determine whether the ionization within the 
flame is a volume or surface effect ; but the most consistent inter- 
pretation seems to be that there is a volume ionization in colored 


flames somewhat though not greatly in excess of that in uncolored 


1H. A. Wilson, Phil. Trans., 192, 510, 1899. 
2 Note added Oct. 18, 1905.°*Some results just obtained by Mr. J. G. Davidson in 
this laboratory indicate that the difference of conductivity is due to the position of the 


electrodes in the flame, but not to their temperature. 
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flames ; that the part of the ionization due to the salt solution varies 


with the concentration of the solution, in a proportion lying between 
the fourth root and the square root of the concentration ; and that 
the conductivity of the flame is greatly increased by the insertion 
of the electrodes into the flame. 


UNIVERSITY OF CALIFORNIA, 


September 8, 1905. 
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EXPERIMENTS ON RESONANCE IN WIRELESS TELE- 
GRAPH CIRCUITS. PART III. 
By GEORGE W. PIERCE 
HE experiments here described, like those of the earlier papers,’ 
deal with the resonance conditions in wireless telegraph cir- 


cuits of the electromagnetically connected type. A diagram of this 


type of circuits is shown in Fig. 24. SS represents the sending 


' A 





ra 


A 

















Fig. 24. 


station, X the receiving station. The two stations are 187 meters 
apart. <A form of high-frequency dynamometer in Circuit IV. at 
the receiving station serves to measure the energy transmitted to 
the receiving station by the electric waves. 

1 Parts I. and II. were published in Vol. XIX., September, 1904, and Vol. XX., 
April, 1905, of the PHysIcAL REVIEW. 
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In the previous experiments the capacities C and 4, the coils L., 
II., III., 1V., and the form and height of the antennz at the two 
stations have been varied. Empirical formulas for the resonant 
relation of these several quantities were obtained, and these formu- 
las were found to be in fair agreement with theoretical deductions. 

In the present experiments it is proposed to investigate the effect 
of varying the mutual inductance between the two circuits at each 
station,— that is, the effect of varying the coefficient of coupling. 

The coefficient of coupling + is defined for the two stations by 
the equations, 


M., M,, 


le _ 


ele, " 8, 


The importance of these coefficients of coupling in determining 
the sharpness of resonance and strength of signals has been pointed 
out by M. Wien.' From theoretical considerations he shows that 
when + is large at the two stations, waves of great intensity are 
transmitted, and stations with large values of 7 are adapted to sig- 
nalling to great distances. Under these conditions, however, that is, 
with large values of +, the resonance is not sharp, and may be no 
sharper than with the simple system in which spark-gap and receiv- 
ing instrument are placed directly in the mast circuits. 

On the other hand, when ¢ is small at both stations the resonance 
is sharp, though the distance that may be covered is not great. 

A system of wireless telegraphy with large value of the coefficient 
of coupling is called by Wien a ‘‘close coupled”’ system, while a 
system witha small value of ¢ is called ‘‘ loose coupled.’’ The loose 
coupled system of sending and receiving stations should give the 
sharp resonance. These several propositions are here submitted to 
experiment. 

IX. RESONANCE EXPERIMENTS WITH VARIATION OF THE 
COEFFICIENT OF COUPLING. 

Experiment X. Resonance curves with variation of cocfficient of 

coupling and height of antenna at the receiving station. —The coils 


employed in the four circuits had the following values: 


1D. A., Vol. VIII., p. 686, 1902. 
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Coll No. No. of Turns. Tae |\eaute| 

:. 9 .164 1.71 x 10-5 

Il. 240 .104 46 125 x 10-5 

III. 240 .104 46 125 x 10-5 

IV.! 17 . 164 7.04 x 10-5 
Mutual Inductances. — The mutual inductance between Circuits 


I. and II. at the sending station was left constant. The value of 


this mutual inductance was 
M,, = 4.90 x 107 henries. 


The coefficient of coupling at the sending station was, therefore, 


D> 


M,, 4.90 


sa l 


a east Nene 
VLE, W125 x 1.71 


= .335. 

The mutual inductance between Coils III. and IV., and, there- 
fore, the coefficient of coupling at the receiving station, was varied 
by displacing the inner coil, III., in the direction of its axis, while 
the outer coil, IV., was left stationary. The value of the mutual 
inductance for several relative positions of the two coils was known 
from a comparison with an earth inductor. Experiments were made 
with the following values of the mutual inductance and coefficient 


of coupling at the receiving station : 


M,,. Henries. T; t;2 
8.9 x 10-5 .30 .090 
6.4 < 10-5 .213 .047 
‘ 4.17 x 10-5 .141 -020 
2.12 X 10-5 .071 -0051 


From the theory it is known that +, enters in the resonance con- 
dition only as r,”, which comes into the equations usually in com- 


parison with unity. The present experiments then cover a range of 
/ 


values of z,? from g per cent. to % per cent. of unity. 
The process of the experiment was as follows: First, the con- 
denser in the side circuit at the sending station was adjusted so that 


the sending station gave out waves of a definite wave-length as free 


1 Including the instrument. 
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from harmonics and distortions as was possible with the condition 
of coupling that prevailed at the sending station. This was done, 
as described in the previous papers, by taking a series of resonance 
curves in the following manner. With the sending and receiving 
antennez of the same dimensions, namely, a single wire 16 meters 
long, resonance curves at the receiving station were taken for several 
values of condenser capacity at the sending station. These curves 


are shown in Fi 5. The different curves correspond to different 


cr 
>" 


y 


DEFLECTION 





on © 


Fig. 2 


values of the condenser at the sending station, and the individual 
points of each curve are the deflections obtained with various values 
of capacity of the air condenser at the receiving station. The details 
of the method of obtaining these curves are given in Part I. 

Curve 2 shows the best resonance, and the capacity in the send- 
ing side circuit was set at the value that gave curve 2 and kept at 
that value throughout the remaining steps of the experiment. 

The antenna at the sending station (16 meters of single wire) 
was also left unchanged. 

Thus with a source of waves of constant wave-length and approx- 
imately constant intensity, variations were made at the receiving 
station, and the effects of the variations were studied by means of 


the deflections obtained in the high frequency dynamometer. 
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The variables at the receiving station were the height of antenna, 
the coefficient of coupling, the capacity of the air condenser A, 
Fig. 24, and the deflections. 

The receiving antenna consisted of various heights of two 
parallel wires .208 cm. in diameter and 57 cm. apart. 

For a particular height of antenna, 24 meters, and a particular 


value of +, (t, = .30) the curve marked 24 in Fig. 26 was obtained. 


In this curve the deflections of the receiving instrument are plotted 


against centimeters of length of the air condensers in the receiving 
side circuits — each centimeter of the condenser being 2.77 x 107" 
farads. 

Other heights of the receiving antenna, ¢. g., 18, 14, 10 and 9g 
meters, gave the curves marked 18, 14, 10 and g in Fig. 26. 
These curves and many others 
corresponding to other heights 
of antenna were taken with the 
same value of T,, tT, = .30. 

So far the experiment is 
exactly analogous to several 
experiments described in more 
detail in Part II. As in the 


previous paper, by an exam- 


1ON 


ination of the curves of Fig. 


DEFLEC 


26 it is seen that as the length 
of receiving antenna is de- 
creased it is necessary to in- 
crease the capacity of the air 
condenser in the side circuit 
to obtain resonance. The 
exact relation between this 


height of antenna and the 





resonant capacity in the side Pe as 
RECEIVING CAPACITY 


circuit at the receiving station 
Fig. 26. 


is represented in curve //’ 
of Fig. 27, in which height of antenna is plotted against resonant 
capacity in the side circuit. The curve //’ as was pointed out in 


Part II. is approximately the two branches of a hyperbola. 
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Ke 
SJ 
to 


Variation of t,—Along with the curves of the family (t, = .30) 
represented in Fig. 26, similar curves were taken with other values 
of the coefficient of coupling at the receiving station; namely, with 
t, equal .213, .141, .071. This gives three other families of curves 
similar to the partial family in Fig. 26. The drawings of the indi- 


vidual curves of the three new families are not here given, but it is 


ANTENNA METERS 


HEIGHT OF 





40 50 60 70 8 0 00 


RECEIVING CAPACITY 
Fie, 27. 


attempted to present the results obtained by a discussion of the data 
with respect to the effect of +, on the capacity hyperbola, effect of 
T, on energy received with various heights of antenna, and effect of 
t, on sharpness of resonance. 

1. With respect to the capacity hyperbola reference is again made 
to Fig. 27. The approximate hyperbola FF’ represents the rela- 
tion between the height of antenna and the capacity C, in the side 
circuit at resonance. When the value of the coefficient of coupling 
is diminished from +, = .30 to the values 7, = .213, .141 and .071, 
the above relation takes the form of the curves GG’, HH’ and //’, 
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respectively. That is the approximate hyperbolas move in towards 
their asymptotes and approach coincidence with the vertical asymp- 
tote. Also the asymptotes shift slightly toward the origin of 
coordinates. 

This result might have been predicted from the theoretical equa- 
tions given in Part II. It was there shown that for a given fre- 
quency of incident waves the condition for resonance between the 
two parts of the receiving circuit is expressed as a first approxima- 
tion by the equation, 


(c = (c a M* 

_ > _ oe ————<. I 

3 aw ‘ “3) aw (1) 
in which Cy is the capacity of the mast circuit, C, the capacity of 
the side circuit coupled with it, Z, and Z, the self inductances of 


the two circuits, 17 the mutual inductance of these two circuits, w 
the angular velocity of the incident waves, and 


a=Lll,— M* =z (1 —7J)LL,. (2) 


$4 


Equation (1) is the equation of a hyperbola with asymptotes 
C. = L, aw* and = tL. aw’, 
In the curves of Fig. 27, instead of the capacity of the antenna, 
we have the height of the antenna, which the previous experiments 
showed to be approximately proportional to its capacity. For a 
given change of t, the displacement of the asymptotes in the experi- 
mental hyperbola would, therefore, be proportional to the displace- 
ment of the asymptotes of the theoretical hyperbola. The effect of 
diminishing +, in the theoretical equation is seen to be a slight 
shifting of the asymptotes toward the origin and an approaching of 
the curves toward their vertical asymptote — an effect that is plainly 
apparent in the experimental curves. 

Numerical Test. —To ascertain whether the four curves of Fig. 
27 are in agreement with the elementary theory given in Part II., 
they are here examined numerically. The curve #F’ is approxi- 
mately represented by the equation 


(1, — 7.1)(C, — 39) = 25. (/) 


In the experiment by which this curve was obtained +t, was .30. 
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The constants of equation (/) when changed appropriately for the 
change int, should give the constants of the equations to the 
curves GG’, HH’ and //’. The way to make these changes is 
apparent from equation (1). For example, the constant to be sub- 
tracted from height of antenna is inversely proportional to (1 — 73), 
the constant to be subtracted from C, is also inversely proportional 


to (I — 73), while the constant on the right hand side of the equa- 
tion is proportional to t} and inversely proportional to (1 — 73)’. 


Making the changes suggested by these relations we derive the fol- 


< 


lowing equations for the curves GG’, HH’ and //’: 


(77, — 6.8)(C, — 37.2) = 11.5 (g) 
(7, — 6.6)(C, — 36.2) = 4.75 (*) 
(77, — 6.3)(C, — 36.0) = 1.16. (7) 


The equations (g), (2) and (7) do not represent the curves GG’, 


HH’ and //’ of Fig. 27 as wellas the equations (g’ ), (2’) and (7’), 


p. 375, in which the values subtracted from the height of antenna 


are 7.2, 7.0 and 7.0, instead of the values 6.8, 6.6 and 6.3 in the 


my 


theoretical equations. 


TABLE XVI. 


Relation Between Height of Receiving Antenna and Resonant Capacity, with 


Variation of T,. 


T, = 30. Ts 213. 
Sr Resonant Capac- Resonant Capac- 
ols Mia Obmerved, Resennoscanar- “ity Obeerved, Resonant capac 
24 40.5 40.4 38.5 37.9 
21 40.5 40.5 38.0 38 
18 41.0 41.4 38 38.3 
16 41 41.7 38.5 38.5 
14 42 42.6 39 38.9 
12 44 44.1 40 39.4 
ll 45.5 45.4 41 40.6 
10 47 47.6 42.5 41.7 
9 54 52 46.3 43.7 
8 71 67 55 53.3 
7.5 100 101 77 78.2 
6.5 22 ee 28 4.0 
5.5 27 23.4 31 13 
4.5 30.5 29.4 33.5 28 


3.5 33 32 34 31 
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(17, — 7.2)(C, — 37.2) = 11.5 (g’) 
(7/7, — 7.0)(C, — 36.2) = 4 f (’) 
(7/7, — 7.0)(C, — 36.0) = 1 (7) 


This departure is slightly larger than could arise in error of 
measurement. With decrease of t, the horizontal axis of the curves 
does not move downward as much as the theoretical equation (1) 
requires. This discrepancy, together with the departure of curves 
like #¥’, GG’, H//’ and //’ from true hyperbolas, probably arises 
in the assumption made in Part II. that cutting off wire from the 
antenna does not change the self inductance of the mast circuit by 
an amount significant in comparison with the inductance of the coil 
in the mast circuit. That is, in the theoretical discussion of the 
resonance conditions (Part II.), the capacity of the antenna was 
supposed to be localized instead of distributed. The present experi- 
ment shows that this supposition enables us to predict approximately 
the shape and interrelation of the curves of Fig. 27, but that when 
submitted to strict test a slight departure between theoretical and 


experimental values is detected. 


TasLe XVII. 


Relation between Heicht of Antenna and Resonant Capacity with Vartation of 7,.. 


T; = 248. T; = O7t. 
Meters Antenna 
Above Coil, Resonant Capac- Resonant Capac- 
H. ity Observed, Resonant Capac- ity Observed, Resonant Capac- 
ity Calculated. ity Calculated. 


Cl, U4 


24 37 36.5 36 36.1 
21 37 36.5 36 36.1 
18 37 36.6 36 36.1 
16 37 36.7 36 36.1 
14 37 36.9 36 36.2 
12 37.5 37.2 36 36.2 
ll 38 37.3 36 36.3 
10 39 37.6 36.5 36.4 
9 41.2 38.4 37 36.6 
8 42.5 40.7 37 36.7 
3 45 45.7 37.5 38.2 
7 32 — 34 — 
6.5 32 26.7 35 33.7 
3.5 34.1 33.2 35.5 35.3 
4.5 35 34.3 36 35.5 


3.$ 36 34.9 36 35.7 
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Tables XVI. and XVII. give the observed values of resonant 
condenser capacity corresponding to various heights of receiving 
antenna in comparison with the values calculated from equations 
(7), (g’), (2’) and (7°). 

2. With respect to the effect of t, on the energy received with 


various heights of antenna, reference is made to Fig. 28. In this 


DEFLECTION 





8 10 


HEIGHT OF ANTENNA METERS 

Curves showing energy received with various heights of antenna and various values of 
the coefficient of coupling at the receiving station. The deflections were taken with the 
condenser circuit in resonance with the mast circuit. Each point in the present figure is 
thus the vertex of a resonance curve from Fig. 26 or from a similar family. Curve /, 
T ==.g0; Curve G, 7, = .283; Curve 77, t,= 892; Carve /, ty = -071. 
figure the deflection of the instrument, that is, the square of the 
current in the instrument circuit, is plotted against the height of 
receiving antenna for various values of t,. The deflections are the 
readings of the dynamometer when the condenser circuit and the 
mast circuit at the receiving station are in resonance. They were 
taken with different values of the sensitiveness of the receiving in- 
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strument but they are all reduced to the same scale, namely the 
deflection of the instrument in centimeters at one tenth its best 
sensitiveness. 

Table XVIII. is given to show numerically the relative values of 
the deflections. These measurements were taken in a series extend- 
ing over several days and are subject to errors arising from change 
of interrupter, change of weather, and change of the instrument due 
to expansion of the vulcanite mounting of the coil, and are hence 
not as accurate as observations taken in a short series, like that of 


determining a single resonance curve. 


TaBLeE XVIII. 


Effect of +, on Energy Received. 


Ts .30 213 141 O71 
Ratio, +r, .30 I -72 47 -24 
Ratio Squared. I 52 22 -056 

Height Meters. Relative Deflection. 
24 l 48 .142 .048 
18 1 .59 .26 -068 
16 l .60 .255 .076 
14 l .66 .30 .087 
12 l .80 .39 .122 
11 l .88 a .158 
10 1 Bo .63 .23 
9 1 1.03 93 .49 
8 l 1.05 1.52 1.94 
7.9 l .80 Lay 3.0 
7 1 3.9 8.0 14.2 


Table X VIII. shows that when the antenna is long the deflections 
are roughly proportional to z,?. Since the deflections are propor- 
tional to the square of the current in circuit IV. and 7, is propor- 
tional to the square of J/,,, this relation is of the order that one 
should expect. When the height of the antenna is diminished the 
ratio of the deflections varies in a complex manner, on account of 
the occurrence of a maximum and a minimum at different heights 
of antenna in the four cases. 

3. With respect to the effect of t, on the sharpness of resonance 
Fig. 29 shows two characteristic curves, one taken from the set 
with 7, =.30, the other from the set with +,=.071. For both 


9 
- 
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ae 


x 


curves the height of antenna was 24 meters. In Fig. 29 deflection 
is plotted against percentage departure of capacity from resonant 
capacity. The deflections observed for the dotted curve (7, = .071) 


are about one twentieth the deflections for the heavy-line curve 


DEFLECTION 





S ° z 12 
CHANGE OF CAPACITY 


Fig. 29. 


(t, = .30), but in the figure the maximum deflection of each is 
called 100 so that it may be seen how the deflections fall away 
from the maximum deflection with change of capacity from reso- 
nant capacity. 

With +, = .30 the deflection falls to half for a change of capacity 
of about 5 per cent., while with +, = .071 the deflection falls to half 
for a change of capacity of 2.5 per cent. The deflection is propor- 
tional to the energy and the capacity proportional to the square of 
the period, so we may say that the energy received falls to half for 
a dissonance of 2.5 per cent. and 1.25 per cent. in the two cases 
respectively. 

For the cases in which ct, had intermediate values between .30 
and .o71 the curves of energy against dissonance lie between the 


two curves plotted in Fig. 29. 
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Experiment X. thus confirms the theoretical deduction that with 
decrease of the coefficient of coupling the sharpness of resonance 
is increased. The gain in sharpness of resonance is, however, paid 
for by a loss in energy. For with constant sending station in 
order to improve the sharpness of resonance two-fold, it was 
necessary to change the coefficient of coupling at the receiving 
station to such an extent that the energy received was decreased 
twenty-fold. Of course these particular numbers hold only when 
the receiving instrument has a very low resistance. In these 
experiments the resistance of the dynamometer was only 1.33 
ohms. With a high resistance receiving instrument it is not pos- 
sible to obtain resonance as sharp as that here found, and the effect 
in sharpness of resonance produced by diminishing + would be less 
than in the case under observation. I have been taking some data 
with the electrolytic and mychrophonic receivers but the experi- 
ments are not yet ready for presentation. 

Experiment NT, With Decrease of Coefficient of Coupling at the 
Sending Station. — The coefficient of coupling was decreased at the 
sending station without appreciable gain in the sharpness of reso- 
nance. This result may be due to the fact that with the condensers 
employed at the sending station in the present experiments the 
changes of capacity were made step-wise, and possibly the steps 
were not small enough to afford the proper adjustments when the 
coefficient of coupling at the sending station was small. 

Wave-length. — The wave-length of the sending station in the 
present experiment may be calculated from the position of the verti- 
cal asymptote of any one of the curves //’, GG’, HH’ and //’, of 
Fig. 27, by the aid of the equation 

— * I 
(= i= 3 (3) 
aw (I— t, Lo 

in which C, is the abscissa of the vertical asymptote. The wave- 
length is obtained by determining w from Equation 3. The compu- 
tation is very simple if use is made of the curve //’, for in that case 
t,? is negligible, and we have, remembering that each centimeter of 
the air condenser equals 2.77 x 10 "' farads, 
I 


36 x 2.77x 10°) = -. 
, sia w* x 7.04 X 10 


’ 
5 
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—= 26.5 x10~, 


7” 
T= = 1.66 x 107° seconds, 
w 


and the wave-length 

4= v7 = 500 meters. 
The other curves #?’, GG’ and HH’ give the same value of the 
wave-length. 

Another series of experiments was performed with coils of 115 
turns (inductance 31 x 10~° henries) in the mast circuits but the ex- 
periments added nothing to the results here given. 

Experiments on the conditions for resonance in the directly con- 
nected system of circuits are in progress. 


JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY, CAMBRIDGE, MAss., 
July, 29, 1905. 
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RESISTANCE OF TUBES TO COLLAPSE:' 
By A. P. CARMAN, 


HE purpose of this paper is to describe some experiments made 

on collapsing small brass tubes by hydrostatic pressure, and 

to compare these experimental results with the empirical and the 

theoretical formulz which have been proposed for the resistance of 
metal tubes to collapse. 

The only extended and systematic experiments which have been 
published on the collapse of tubes, are the experiments of Sir 
William Fairbairn made neary fifty years ago at the suggestion of 
the Royal Society and the British Association. Fairbairn’s results 
are given in his paper in the Philosophical Transactions for 1858. 
The empirical formula which he deduced from his experiments has 
since been in general use in some form by engineers in the practical 
calculations of the strength of boiler flues. Fairbairn in his paper 
gives the diameters, lengths, thicknesses, and collapsing pressures 
for twenty-one thin iron tubes, and for five thicker tubes. As no 
two of the thicker tubes were exactly alike in construction, the 
formula deduced was almost wholly based on the experiments with 
the thin tubes. These thin tubes were made of single sheets of 
tinned iron plate, bent into a cylindrical shape, riveted and soldered. 
All were 0.043 of an inch thick. Five diameters, 4’, 6’, 8’’, 10”, 
and 12’, were used in the experiments, and the lengths ranged be- 
tween Ig inches and 60 inches. Fairbairn’s empirical formula is 


219 


t 
= 806,200 
p 30° 77 


where / equals the external pressure in pounds per square inch, ¢ 
equals the thickness of the walls in inches, / equals the diameter in 
feet, and d equals the diameter in inches. 

This formula obviously holds only for limited lengths, for the 
collapsing pressure can not decrease indefinitely as the lengths in- 


1A paper read before the American Physical Society in Chicago, April 23, 1905. 

















282 A. P. CARMAN. (VoL, XXI. 


crease. The numerical constant must also vary with the elastic 
properties of the material. The formulz adopted by the British 
Board of Trade, Lloyd’s Marine Underwriters, and the U. S. Inspec- 
tors of Steam Vessels, have no theoretical value, being merely work- 
ing variations of Fairbairn’s formula. Many writers have shown 
the insufficiency of the above formula and have studied the data and 
deduced new empirical formula. Such are the formulz of Grashof' 
of G. H. Love’ and W. C. Unwin.’ Professor Unwin was an as- 
sistant in Fairbairn’s experiments, and nearly thirty years later, 
gave a discussion of the same results, seeking to deduce a formula 
which should have some relation to the ordinary formulz of applied 
mechanics. His formula was based on no new experiments and 
has not been accepted, its insufficiency having been shown by sev- 
eral writers. 

Theoretical treatment of the problem has been presented within 
a few years by three Cambridge mathematicians, G. H. Bryan ‘* 
A. B. Bassett’ and A. E. H. Love.° The problem is one in the 
stability of an elastic system, and, as Love says, is one of the most 
difficult in the theory of elasticity. Mr. Bassett in his paper in the 
Phil. Mag., for September, 1892, ‘‘ On the Difficulties of Construct- 
ing a Theory of the Collapse of Boiler-Flues,” attempts, however, 
to show that while the solution proposed by Mr. Bryan and himself 
is imperfect and not rigorous, yet it is probable for practical pur- 
poses a sufficient approximation. Bryan, Bassett and Love, with 
slightly different methods and assumptions, came to substantially 
the same expression for the collapsing pressure of a tube of indefi- 
nite length. Love’s statement is: ‘‘ No flue however long can col- 


> and that when 


lapse unless the pressure exceed 2#/(1—a*) h°/a 
the pressure exceeds this limit any flue will collapse, if its length 
exceed a certain multiple of the mean proportional between the 
diameter and the thickness.’ In the above expression, / is Young’s 
modulus, @ is Poisson's ratio, # is half the thickness of the wall, and 
a is the radius of the middle surface of the tube. No experimental 

1 Zeitschrift d. Vereins deutscher Ingenieure, vol. 3, p. 234. 

?Todhunter and Pearson’s History of Elasticity, vol. 2, p. 667. 

3 Proc. of Inst, C. E., 1876, vol. 46, p. 225. 

*Proc. Camb. Phil. Soc., VI., 1888. 

5 Phil. Mag., vol. 34 (1892), p. 221. 

6 Theory of Elasticity, vol. II., p. 315. 
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tests of these theoretical deductions have been published so far as 
we know. 

The experiments described here were started to test the empirical 
formula of Fairbairn, particularly for fixing a limit on the length to 
which that formula is applicable, a point altogether omitted by 
Fairbairn. The experiments soon showed the narrow limits and 
the inadequacy of Fairbairn’s formula. Attention was then drawn 
to the theoretical solution of the three mathematicians. The ex- 
periments were made on seamless brass tubes of small diameters. 
The tubes were placed in the stout steel receiver of a Cailletet ap- 
paratus, and hydrostatic pressure was produced by a Cailletet 
pump. It was found that the impact which came with the collapse 


of the tube injured the hard rubber valves of the pump, and the 
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Fig. 1. 
time required to get the valves working again after the collapse of 
each tube, made the experiments very tedious. So a valve was put 


in to cut off the pump from the receiver after a sufficient prelimi- 
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nary pressure was reached. The final pressure was then produced 
by a piston compressor, the piston being forced in by a screw. 
This auxiliary piston compressor was constructed specially for this 
work in the machine shop of the department. This arrangement 
had an added advantage that the pressure was increased gradually 
and the exact collapsing pressure could be more easily read. The 
pressures were read from a Bourdon gauge made by Shaeffer and 
Budenberg. The ends of the tube were closed by brass plugs 
soldered in, and the inside of the tube was connected with the 
atmosphere. The collapse came suddenly, and the hydrostatic 
pressure fell immediately to atmospheric pressure. As may be 
seen from the data given below, pressure up to 858 kilograms per 
square centimeter were used. The tubes in the experiments were 


commercial seamless brass tubes, purchased from the same jobber, 












































bal £0 
60 ences 4 } Jf eee 40 
i | 
50 ee ee eee ee | eee ee ee ee ee ee ee ee | 3d 
« | me | > 
+ an + T T | + . 
Ww 4 } } =—s i 0 
«0 Seuss + = oe eee ee eee ee ee = JH 
7] | = oe oe =e ee ee ae ae 90 
ea} en — ae +—+—+ oo 
90 ——t $$$ 4 >t +——_+—-++ + + +4 + + + + 70 
w@ — ee ee ee ee ee ee ee ee ee ae ++ 4+ + 60 
ni ! ; 

7% | _ a! t i. & = "4 
. ey 
aXe TSS RRESSSRRESRSSSERS, 3 Pe 
RI . |}-+ Lip} tin eee 2 Jo 
ST | | S 
CC — > \ + ——+ ——+———4 44 —_4+ —_+-—__ 5. —__ 4} + 2 | ~-*# —- 2 — 20 

_ & » 
“—& = eS | ¢ “ ( 
CV Se See see ee ee ee 

} 
(a oe ee oe \ SS ee ee ee ee ee ee ee ee ee ee ee eae aS 
| | | 
a Se Soa a :  - 30 
‘ _— i Jo 
a eee | = ee ee 
CCCCEeo 
| 2 Ss Se Ge Ge Ge ee Ge Ge 60 
ce. 4 
i —@ t+—+—| 40 
} | | 
a ) ee | 40 
IO ee oe oe ae ee | 4 a oe a a ee — 
a eee ee ee ee ee ee ee eee oe 4 20 
30 i 3/0 
a a i a Q 43 MA 4S 46 /? 38 139 wl a! ha &3 &4 





with the idea of obtaining uniform material, but unfortunately the 


brass in the different tubes was not the same. 


In any one size 
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there was, however, remarkable uniformity, as shown by the tests. 
A considerable number of tests were made on brazed tubes pur- 
chased in the market, but there was such a variation in the results 
in samples from the same piece of tubing, that nothing could be 
made of the tests. With larger tubes this might not be found the 
case. The lengths, diameters, thicknesses, and the collapsing pres- 
sures are given in the following table and curves. I am indebted 


to Mr. F. C. Brown for many of the observations. 


Table of Collapsing Pressures for Seamless Brass Tubes. 
Mean Diameter. Thickness of Wall. Length. Collapsing Pressure. 
.891 cm. .041 cm. 8 mm. 290 kg. /cm.? 
oe oe 12 ‘e 240 sé 
i 225 
= 158 
_ 6S 125 
se oS 130 
“6 90 *“* 130 
_ 670 
1.12 cm. .08 cm. iw 490 
” i 69 *§ 470 
a SS. * 470 - 
“6 ts oy «* 450 = 
a os mo * 470 
1.83 cm .08 cm a 545 = 
sé se 44 se 465 é 
” ~~ 440 * 
7 = 360 a 
208 ‘* 350 - 
" = 840 us 
1.78 cm. 0.135 cm.  * 858 
" ae * 850 
im 845 
ise * 840 se 
“ “ im * 850 4 
“ ss a * 850 ‘< 


An inspection of these data and curves, Figs. 1 and 2, shows 
immediately that there is a minimum length for each tube beyond 
which the collapsing pressure is constant, and further, that this 
minimum length is quite definite. Again, we see that for lengths 
less than this critical minimum length, the collapsing pressures rise 


rapidly. As definitely as can be determined from these small tubes, 











386 A, P. CARMAN. [Vou XXI. 


the collapsing pressure varies inversely as the length, for lengths 
less than the critical length. In this they follow Fairbairn’s formula, 
and suggest that Fairbairn’s tubes were all less than their critical 
lengths. An inspection of the woodcuts which Fairbairn gives for 
each of his experiments and comparing them with the shapes of 
the brass tubes which we have collapsed confirms this. Figs. 3 


and 4 show shapes and sections of the collapsed tubes of the curve 


Hi 


Fig. 3. 














for Fig. 1. Fairbairn’s shapes are exactly those which we have 
gotten for lengths less than the critical length. In the quotation 
made above from Love, it is stated that this minimum length is a 
multiple of the mean proportional between the thickness and the 
diameter. It is to be presumed that for the same material, this 
multiple should be a constant. But the data on these small tubes 


were not found sufficient to determine this factor of the mean pro- 


MERC 88 8 


Fig. 4. 


portional. The annealing of the tubes is probably not the same. 
In the case of one size tube upon which we have excellent data, 
viz., the tube with a mean diameter of 1.78 cm. and a thickness of 
0.135 cm., we were fortunate in getting a value of Young’s modulus 
for the brass. This was kindly obtained by Professor A. N. Talbot 
in the Laboratory of Testing Materials of the University of Illinois. 
Using this value, 11.5 x 10'' dynes per square centimeter (a high 


value for brass), and assuming corresponding value for Poisson's 
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ratio, we calculated the value of the collapsing pressure from Bryan’s 
formula, and got a value of 10.4 x 10". The experimental value 
was 8.5 x 10"', a number of the same order, and probably as good 
a confirmation as could be expected from a single experiment. 
These experiments on small brass tubes have shown that formulz 
of the Fairbairn type are inadequate, and that for tubes of sufficient 
length, a formula of the type of that proposed by Bryan and Love 
ts more nearly true. Most boiler flues used in modern boilers 
probably follow this formula. Arrangements are now being made 
to get results on large steel tubes such as are used in modern boiler 
construction, and it is hoped thus to eliminate the errors due to 


differences in annealing, etc., of small tubes, and test further the 


D? 
practical application of the formula. 
PHYSICAL LABORATORY, 
UNIVERSITY OF ILLINOIS, 
April, 1905. 
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THE DISTILLATION OF AMALGAMS AND THE 
PURIFICATION OF MERCURY. 


By Geo. A. HuLETT AND Howarp D. MINCHIN. 


i has frequently been stated that, on distilling amalgams, metals 
distill over with the mercury, but the experimental evidence 
is not conclusive. C. Michaelis' found that electrical conductivity 
offers a very delicate means of detecting a trace of a metal in 
mercury. He found no impurity in the distillates from amalgams 
distilled in a mercury pump vacuum, but when the amalgams were 
distilled in a partial vacuum of (26 mm.) impurities were detected 
in the distillates, however in the latter case it is mentioned that 
there was much bumping. Victor Meyer * tested this question by 
distilling mercury, containing Bi, Pb, Sn, Cu, etc., from porcelain 
retorts at atmospheric pressure. The distillates were tested ana- 
lytically and found to contain impurities. Only after the twelfth 
distillation did the distillate give a negative test for other metals 
than mercury, but in this work also there is no assurance that some 
of the amalgam did not spurt over during the distillation, as there is 
much bumping unless mercury is distilled in a Torricellian vacuum. 
The well known method of preventing bumping by allowing a 

gas or vapor to bubble up through the liquid in the still will also 
effectively prevent the bumping of mercury. Mercury may there- 
fore be distilled under diminished pressure and with very simple 
apparatus as proposed by one of us.* At that time mercury and 
amalgams were distilled in an aspirator vacuum of 20 mm. pressure, 
with air bubbling up through the mercury from a fine capillary, as 
described in the second part of this paper. With this method there 
is no suggestion of bumping, and although the distillation proceeds 
very rapidly there is very little ebullition. It is certain that noth- 
ing but vapors are carried over to the condensing tube. Zinc and 

1C. Michaelis, Inaug. Diss., Berlin, 1884. 

2 Victor Meyer, Berichte, 1887, p. 498. 

3Geo. A. Hulett, Zeitschr. Phys. Chem., 33, 611, Igoo. 
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cadmium amalgams were distilled and the distillation carried to 
completion, but neither zinc nor cadmium were detected in the 
distillate, and the method used, electromotive force, would detect 
one part of zinc in ten million to one hundred million parts of 
mercury. These metals undoubtedly have at this temperature a 
vapor pressure, for when amalgams are used in the mercury vapor 
lamp the metals appear prominently in the vapor. Recently 
Krafft' has shown that cadmium begins to volatilize at 156°, in a 
vacuum and in time deposits a mirror on the colder parts of the 
tube. Zinc exhibits the same phenomenon at 184°. 

We have repeated the experiments recorded in the paper men- 
tioned above, and with the same negative results even though the 
electromotive force method of detecting zinc in mercury has been 
refined so that we can now detect one part of zinc in ten billion 
parts of mercury. Calculation shows that such an amalgam in the 
form of a vapor at 20 mm. total pressure would have a partial 
pressure of zinc of only 6 x 10°-° mm., but in view of the work of 
Krafft, 1. c., zinc at 200° must have a greater pressure than this. 
It seems probable that zinc volatilizes with the mercury, but in 
our form of still it is oxidized by the oxygen of the air which is con- 
tinuously bubbled through to prevent the bumping. We have fre- 
quently noticed that the distillate is not always bright when distilled 
from a concentrated amalgam,’ but when it is filtered through a pin 
hole the mercury is perfectly bright and shows not a trace of zinc, 
that is, it shows less than one part in ten billion parts of mercury. 

The probability that the air bubbling through the mercury in the 
still not only prevents bumping, but also plays the very prominent 
role of oxidizing less noble metals that may get into the mercury 
vapor, is of considerable importance in the purification of mercury. 
To test this a Weinhold* mercury still was constructed and zinc 
amalgam distilled in it. The mercury hardly boiled and there was 
not a suggestion of spurting but we readily detected zinc in the dis- 

'F. Krafft, Berichte der Deutsch. Chem. Gesell., 38, 255, 1905. 

2Geo. A. Hulett, Zeitsch. Phys. Chem., 33, 611, 1900. 

3Carls. Rep., 9, 68. The Weinhold still has been many times modified and im- 
proved, ¢. g., Clark, Phil. Mag., 17, 24; Dunstan and Raymond, Phil. Mag., 9, 367; 


Smith, Phil. Mag., 29, 501; Nebel, Carls. Rep., 23, 236; Morse, Amer. Chem. 


Journ., 7, 60. 
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tillate even when there was only one part of zinc to one thousand 
parts of mercury in the still. In the Weinhold still the distillate forms 
a continuous mercury pump and the mercury vapor in time removes 
every trace of air. Our still was charged with pure mercury and the 
distillation carried on about 5 hours to remove all the air, then zinc 
amalgam, one part by weight of zinc to one thousand of mercury, was 
introduced into the reservoir, and was finally brought into the still by 
elevating the reservoir. There was a known amount of mercury in 
the tube leading from the reservoir to the still, and this mixed with 
the amalgam and diluted it so that the concentration of zinc was 
reduced to 1 part of zinc to 1,160 parts of mercury. This amalgam 
was distilled and the very first distillate showed 1 part of zinc to 
10° parts of mercury. As the distillation proceeded, the concentra- 
tion of the zinc in the amalgam increased until finally zinc began to 
separate and appear at the edge of the boiling amalgam and on the 
sides of the still above the amalgam. During the distillation sepa- 
rate portions of the distillate were removed and saved for further 
examination. The samples Nos. 27, 28, and 29, were removed 
after zinc had separated from the amalgam, and we may assume 
that the vapor which condensed to form these samples was saturated 
with zinc vapor. This conclusion seems justified as there was con- 
siderable solid zinc in the still and there was no suggestion of an 
oxide or coating on either the zinc or amalgam. These samples, 
Nos. 27, 28 and 29, were tested for zinc, as will be described below, 
and showed 1 part of zinc to 10° parts of mercury. We know 
also the pressure in the still (20 mm.) and from this data we 
may calculate the partial pressure of the zinc vapor in the still. 
According to Ostwald (Lehrbuch d., allg. Chem., I., 642), we have 
Q,:Q,::P,D,:P,D, where Q, and Q, are the relative amounts of 
zinc and mercury in the distillate. /, is the desired pressure of the 
zinc and J), the vapor density of zinc (65), /, is the partial pressure 
of mercury (20 mm.) and J, its vapor density (200). Taking 1 : 10° 
as the ratio of zinc to mercury in the distillate we have : 


1:10°::P, x 65:20 x 200, 


from which P, = 0.00006 mm. _ This pressure of 0.00006 mm. is 


the calculated vapor pressure of zinc some 220° below its melting 
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point (419°), for the temperature in the still was about 200°. 
Although no great accuracy can be claimed for this result, never- 
theless it is interesting as giving an idea of the vapor pressure of a 
metal in the solid state. The above results show that not only zinc 
but also zinc amalgam gives a measurable vapor pressure of zinc at 
200°, and further that the Weinhold still does not completely 
remove zinc from mercury. 


Tue Meruop or DETECTING A TRACE OF ZINC IN MERCURY. 

A trace of zinc has an extraordinary effect on the electromotive 
force of a mercury electrode. This fact is the basis of the method 
developed for testing the distillates mentioned above. In the 
previous work the combination Hg | H,O CO,HgO | Zn was used 
and saturated with CO, at 25°, gave an e.m.f. of 1.445 volts. This 
cell was very constant and on replacing the mercury by an amalgam 
containing only 1 part of zinc to 10’ or 10° parts of mercury, a 
slightly lower e.m.f. was noticed. We have tested a number of 
combinations and find two which give some quantitative knowledge 
of the amalgams. The combination, Zn-amalgam | ZnSO, (saturated 
solution) | Zn-amalgam, allows us to calculate the concentration of 
one amalgam if we know that of the other and determine the e.m,f. 
Richards and Lewis (Zeitsch. f. Phys. Chem., 28, 1, 1899), have 
shown that the theoretical and observed values for zinc and cadmium 
amalgams of moderate concentration are in very good agreement. 


For dilute amalgams we find the following values : 


Observed. Calculated. 
1: 103 Zn-amalgam ZnSO, 1: 104 Zn-amalgam 0.02920 volts 0.02924 volts 
1: 104 Zn-amalgam ZnSO, 1: 10° Zn-amalgam 0.04366 0.02924 
1: 10° Zn-amalgam ZnSO, | 1: 10° Zn-amalgam 1.1430 0.02924 


_ 


The measurements were made at 25° and the calculated values 


obtained from the well known equation 
pe. «, 


z= bee =. 
Ne oS 


These interesting deviations will receive further attention, but for 
our purpose the combination serves to give an idea of the concen- 


tration of zinc up to 1: 10°. The samples of the distillate from the 
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Weinhold still were now examined by comparing them with a 
I: 10° amalgam in an // cell with a saturated zinc sulphate solution 
as electrolyte. All of the samples up to no. 26 were cathode 
against a 1: 10° amalgam, giving a e.m.f. of from 1.15 to 1.17 
volts. It will be seen that this indicates a greater dilution than 
1: 10°. In testing the samples which were collected after zinc 
separated in the still, nos. 27, 28 and 29, it was found that no. 27 
and 29 gave 1.140 and 1.44 volts respectively when compared with 
the 1: 10° amalgam showing a Zn-amalgam of almost exactly 1 : 10°. 
The sample no. 28 contained so much more zinc than any other 
sample (I part to 5,000 parts of mereury), that it was disregarded 
in calculating the vapor pressure of zinc. 

In testing the very dilute amalgams a method was used in which 
they were compared with pure mercury. The electrolyte chosen 
was that of the calomel electrode (a molecular solution of potassium 
chloride saturated with mercurous chloride). This combination, 
dilute Zn-amalgam | KCl.HgCl | mercury, was first tried in the 
H/-cell used above, but there were so many disturbances that it was 
quite impossible to get constant 
readings. It seemed probable 
that the difficulty was due to 
changes in the thin layer of elec- 


trolyte which creeps down _ be- 





tween the class and electrode. 
The area of this layer is large 


and if changes occurred it would 


be slow to come to equilibrium with the main portion of the elec- 
trolyte. The following form of cell was devised to obviate this 


difficulty. 

Fig. 1 represents a crystallizing dish in which are two little 
mounds of paraffine 5 mm. high and 25 mm. across and with very 
slightly concave tops. Two platinum contact wires were passed 
through little holes in the bottom of the dish and extended up I 
mm. through the paraffin. The bottom of this dish was covered 
with mercury which surrounded the paraffin mounds and gave them 
the appearance of two little islands. The clear electrolyte (it is 


important that all solid mercurous chloride be excluded) was poured 
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over all, and it was mechanically stirred to insure its being in equi- 
librium with mercury. If the platinum wires were clean they 
showed no e.m.f. and the cell was ready to receive the electrodes. 
Experience showed that it was best to introduce the electrodes 
(mercury or amalgam) with little glass ladles which enabled us to 
bring the mercury or amalgam onto the little islands in the form of 
single globules. This point was important, as other methods of 
introducing the electrodes produced many little globules, and when 
these globules united to form larger ones marked changes in the 
e.m.f. appeared. The little ladles were made by cutting off the 
bottom of test-tubes and fusing on glass handles. To avoid the 
coating that collects on amalgams, the sample was drawn up into 
little pipettes and about 1 c.c. run into the ladle. The sample was 
clean and bright and could be brought onto one of the islands in 
the form of a single globule which was some 25 mm. across and 
presented a relative large surface to the electrolyte. Preliminary 
tests were made with pure mercury (our pure mercury was purified 
in the wet way and then distilled five times in the still described 
below). Two globules of this mercury were simultaneously placed 
on the little islands. The galvanometer was unsteady, showing a 
slight e.m.f. first in one direction and then in the other, but after 
half an hour, or less if the solution was stirred, the galvanometer 
came to rest at zero. When we now removed one of the globules 
and introduced another of the same pure mercury a decided e.m.f. 
was observed. The globule last introduced became cathode by 
0.00070 volt and increased to a maximum of 0.00280 volt, and 
then, in about half an hour, the e.m.f. disappeared. Evidently it 
takes some time for mercury to come to equilibrium with an electro- 
lyte ; perhaps the Helmholtz double layer does not form as rapidly 
as supposed. These results showed that it was necessary, for our 
purpose, to introduce the mercury and the amalgam simultaneously, 
and measure the e.m.f. at intervals for half an hour. In this man- 
ner the cell was tested with amalgams of known concentrations. 
An amalgam containing 1 part of zinc to 10° parts of mercury 
showed a maximum of 0.00077 volt against pure mercury. The 
1:10” amalgam showed 0.00037 volt, and a 1:10" zinc amalgam 


showed 0.00010 volt. This value for the 1 : 10° amalgam was some- 
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what uncertain, but the behavior was distinctly different from that of 
pure mercury. One can with certainty detect one part of zinc in 
ten billion parts of mercury and it is undoubtedly the most delicate 
method known for detecting a trace of one substance in another. 

With this cell we tested the samples of the distillate collected 
from the Weinholdt still. The purest contained 1 part of zinc to 
10° parts of mercury, and most of the samples up to no. 26 were 
1:10’ amalgams. This is in good agreement with the results of the 
first method of testing these samples. Certain it is that as soon as 
zinc was introduced into the Weinholdt still it at once appeared in 
the vapor and in the distillate. Zinc amalgam was now distilled 
under diminished pressure and with air bubbling up through the 
amalgam in the still, as described below. The distillation was carried 
on until zinc had separated from the boiling amalgam. The last 
portions of the distillate were dirty looking, due to a slight coat of 
oxide of zinc, but when filtered through a pin-hole the mercury was 
perfectly bright and behaved the same as our test mercury, that is, 
it must have contained less than 1 part of zinc to 10" parts of 
mercury. 

The foregoing experiments show that zinc readily distills over 
with mercury and we can safely assume that what is true of zinc 
is also true of cadmium, lead, tin, bismuth, and probably of copper. 
Krafft, 1. c., has shown that in a vacuum zinc begins to volatilize 
at 184° to such an extent as to deposit a decided mirror on the 
colder parts of the chamber. For cadmium this phenomenon was 
observed at 156°, for lead at 335°, for bismuth at 268°. We 
cannot expect to completely remove these volatile metals by dis- 
tilling, either in a vacuum still or under atmospheric pressure, 
where the air is soon completely replaced by the vapor, but if 
air is passed through with the vapor, these metals are oxidized and 
thus completely removed. It seems that this is accomplished 
in the method of distilling mercury proposed by Hulett, 1. c. 
Air was slowly bubbled up through the boiling mercury to pre- 
vent bumping, and now it seems that the oxygen of this air plays 
the further important role of oxidizing the metals that get into the 
vapor. 

The still is comparatively simple and can be constructed from 
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apparatus to be had in any laboratory. Experience has suggested 
several modifications of the still proposed in 1g00, and we will add 
a detailed description. A good distilling flask with round bottom 
and long neck is chosen and a tube (A), Fig. 2, 10 mm. diameter 

alg 


© 
fea 
~- 





Fig. 2. 


and about 10 cm. long is sealed onto the neck above the side tube. 
Through this tube (4) fits the tube (4), which is drawn to a capillary 
that extends down to the bottom of the distilling flask, and on the 
upper end of this tube is fitted a piece of rubber tubing and a pinch 
cock (/’) to regulate the rate at which the air bubbles up through the 
mercury. The joint between (4) and (4) is made air-tight by a rub- 
ber tube that slips tightly over both tubes. All this part is above 
the asbestos mantle ())’) and never gets even warm. The flask is 
placed in a sand bath (C) and is surrounded by an asbestos mantle 
(DD), and this asbestos mantle is covered by pieces of asbestos. 
The delivery tube is cut off just outside the mantle and a thin-walled 
tube (£), 2 cm. in diameter and about 50 cm. long is sealed on, an 
operation that can be readily performed witha dentist's hand blow- 
pipe. We have found that a condensing tube of the above dimen- 
sions is most effective and allows a very rapid distillation. The 


condensing tube ends in a narrow tube that bends down and passes 
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through a cork into a receiving bottle or flask (A). Through a 
second hole in this cork passes a tube which is joined by a rubber 
tube to an aspirator. It is best to use a common cork and make it 
air-tight with sealing wax. If a rubber cork is used and the distil- 
lation becomes too rapid, the vapor may condense in the tube pass- 
ing through the cork, melt the rubber and produce unpleasant 
results. In the tube leading to the aspirator is inserted a T-tube 
and cock (G) that serves to relieve the vacuum in the system when 
it is desired to diminish the rate of distilling on starting the still. 
The still is charged, the tube (/) adjusted and the bunsen burner 
(//) is lighted. The aspirator is then started and the screw 
pinch cock (/*) is adjusted so that air bubbles through the mer- 
cury at the rate of one or two bubblesasecond. The rate of dis- 
tillation is liable to be very rapid at first, due to superheating, but 
it can be readily checked, if the pressure is increased in the system, 
by admitting a little air through the cock (G). The flame is 
regulated until the rate of the distillation becomes steady and the 
condensation is taking place along the greater part of the tube (£). 
If the burner gas pressure is constant and the aspirator maintains a 
constant vacuum, the still will need no further attention and the 
distillation may proceed to completion. One may distill several 
kilograms and in a much shorter time than with the Weinhold still 
and distill it completely, or a very small amount may be distilled. 
The temperature, with a 20 mm. vacuum, is about 200°. To 
furnish the heat one could construct an electric furnace that would 
keep a very uniform temperature. One may distill at atmospheric 
pressure and force air through the tube (4), but then the tempera- 
ture required would be 360 

Instead of a flask for collecting the distillate one may seal on a 
long delivery tube, extending down from the end of the condensing 
tube (/) some 80 cm., and then bending up again (Fig. 3). This im- 
provement, suggested by Minchin, avoids the use of a cork. The 
aspirator connection may be made at the lower end of the con- 
densing tube (/), or from the neck of the distilling flask by sealing 
a side tube onto the tube (4). This makes the apparatus more 
fragile, but the joints can be readily made if the hand blowpipe, 


mentioned above, is used. 


Seca 
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It is a comparatively easy matter to distill mercury and obtain it 
in an exceedingly high degree of purity. The metals that are not 


readily oxidized: silver, gold and platinum, have high melting 
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Fig. 3. 


points and probably require corresponding high temperatures to vola- 
tilize them, while oxidizable metals need not be feared if distilled as 
above. 

To purify mercury in the wet way it is best shaken in a separatory 
funnel with a molecular solution of mercurous nitrate in nitric acid. 
Shake for about one half hour, then run into another separatory 
funnel containing distilled water, and finally through a pin hole in a 
filter paper. This does not remove metals completely, but gives a 
very pure product. 

We have tested the well known method of V. Meyer, z. ¢., letting 
mercury fall in a fine stream through a meter column of nitric acid. 


A 1:1,000 zinc amalgam was thus treated, but it still contained much 
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zinc ; and even after being passed through seven times, zinc was de- 
tectable. Most other metals have a less solution pressure than zinc, 
so, for their removal, this method is even less favorable. 

An excess of Hg,SO, in sulphuric acid 1:10 forms a good solu- 
tion for removing impurities if shaken with the mercury for a 
sufficient time. It is best to employ a mechanical shaker or stirrer 
and allow it to run over night. 

PHYSICAL CHEMICAL LABORATORY, UNIVERSITY OF MICHIGAN, AND 

PHYSICAL LABORATORY, UNIVERSITY OF ROCHESTER, 


August, 1905. 
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USE OF A MAGNETIC FIELD WITH THE RYAN 
KATHODE RAY OSCILLOGRAPH. 


By R. RANKIN. 


] “HE effect of a magnetic field with lines parallel to the direction 

of discharge, upon a Crookes tube, is to reduce the terminal 

voltage required to maintain the discharge. This fact has been 
noted and studied by Birkeland, Almy and others.! 

The writer has recently applied this principle to improve the 
operation of the Ryan-Braun tube, as used for the tracing of 
alternating current wave forms. During this work, records of the 
phenomena observed were taken, which, as in part confirming the 
results of the above named physicists may not be without interest. 

The tube used in the investigations is constructed wholly of glass 


and is of the form shown in Fig. 1. C is the kathode, a flat alumi- 
Fig. 1. 
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Ryan-Braun Tube, Showing Position of Field Coil. 


num disk, and A the anode, a more or less irregular lump of the 
the same metal. J/ is an aluminum diaphragm closely fitting the 
cylindrical wall of the tube and having at its center a tiny hole 
through which the rays may pass on their way to the screen S. 
The latter is of transparent mica treated with a calcium sulphide 
coating which fluoresces powerfully when struck by the rays, thus 
showing a clearly defined spot upon its surface. Since the kathode 
rays are deflected by a magnetic field, without measureable inertia, 

1 Almy, Camb. Phil. Proc., Vol. 11, p. 182; Birkeland, Comptes Rendus, First Sem 


ester, 1898, p. 586. 
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it is only necessary to mount a set of coils carrying alternating cur- 
rent at a point just beyond J, in order to obtain on the screen a 
graphical representation of the wave form. 

In the practical application of the above method as developed by 
Professor H. J. Ryan, a serious difficulty arose from the fact that, 
with extended use, the tube vacuum and consequently the neces- 
sary operating voltage increased rapidly, causing leakage from 
terminal to terminal outside the tube, and as a result, a flickering 
and unsteady spot on the screen. This action is mentioned in Pro- 
fessor Ryan's paper to the American Institute of Electrical Engi- 
neers of July 2, 1903. 

Several means for reducing the vacuum have been tried, and the 
tube shown in Fig. 1 is equipped with the most successful of these. 
This consists of a platinum tube of about a millimeter diameter, 
cemented into the side of the glass wall and projecting in both 
directions from it. The outer end of this tube is closed, but the 
inner end is open, so that we have in reality a tiny platinum cham- 
ber connected with the kathode tube. When heated to a dull red- 
ness the platinum permits a very small quantity of gas to pass and 
thus reduces the vacuum and the corresponding tube voltage. The 
process is simple and very effective, the vacuum being reduced ina 
few seconds to any desired value. It may be here noted, however, 
that if the reduction goes below the point necessary for the produc- 
tion of kathode rays, no amount of passage of current through the 
tube will restore the vacuum. It will be seen at a glance that, 
since the velocity of the rays is very much greater for higher vacua, 
anything which tends to decrease this vacuum tends to diminish the 
intensity of the indicating spot, although, as previously noted, it 
improves the steadiness. 

It had been noted during the operation of the tube that if a de- 
flecting force in the neighborhood of the diaphragm prevented any 
of the rays from passing the latter, by causing them all to impinge 
against the metal or the glass wall, an immediate rise in voltage 
across the terminals of the exciting Wimshurst machine followed. 


' who states that 


This is contrary to the results found by Willows, 
below the gas pressure corresponding to minimum volts for a given 


! Willows, Phil. Mag., March, 1905. 
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tube, a transverse field causes a reduction in the terminal voltage. 
Willows’ results were obtained by applying a magnetic field at the 
kathode, and he attributed the voltage drop to an alteration in the 
form of discharge caused thereby. 

In the present case, however, the voltage rise was caused by a 
deflection far removed from the kathode, the deflecting agent being 
a small horseshoe magnet which did not in any way alter the form 
of discharge. It is a significant fact that the same magnet acting 
on the rays which had just passed the diaphragm produced no 
effect upon the voltage. 

Birkeland' and Almy,’? working with magnetic fields parallel to 
the direction of discharge, obtained by this method considerable re- 
duction in the voltage required to establish kathode rays in a tube 
of given vacuum. Each attributed the result to an alteration in the 
form of discharge which permitted current to pass more easily. 

It is the intention of the writer to show that in some forms of 
tube a counter E.M.F. may exist, whose removal can be effected by 
magnetic lines which apparently do not alter the form or amount of 
discharge. 

The first experiment was similar to that of Birkeland, who, how- 


ever, used a straight cylindrical form of tube and developed the 





Ampere Turns Around Tube 


Fig. 2. 


magnetic field by means of a powerful coil placed just outside the 
kathode, with its axis parallel to the kathode rays. In this 


1 Birkeland, 1. c. 


* Almy, |. c. 
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manner, with the proper value of field, he was able to reduce the 
voltage to one tenth of its normal value. In the present case, 


however, the coil was placed over the tube at the point shown in 


Fig. 1. The dimensions of the coil were as follows: 
NS A NR ara acranaisiana una nuckue oun ban LcnenGcusienctenddneuens No. 10 B. & S. 
NINN 5s ios nc cavunbenecknac cucebuteseusuiovoune 23.6 in. 
PE A NN sis jc bechbicdiamegrenicdantes Setranseads 200 
Length of coil......... Ridiiduiatihtal. chuagcuhinskonbbaeaenesse 3 in. 
Inside diameter of winding. .............0000 -cscsecesesecee 6.5 in. 
COUEEMIG CAAMICUEY OT WIERGIING. 6 555 ci ccscicciccccsecsessenses 9 in 


Experiment I was conducted to determine whether the voltage 
drop followed any regular law; ¢. g., whether the effect was directly 
proportional to the strength of the magnetic field. 

The tube was excited from a motor-driven Holtz machine. <A 
Kelvin 35,000-volt voltmeter was connected across the tube termi- 
nals, the kathode being grounded. The current in the tube was 
measured by a Weston milli-voltmeter, with a maximum scale 
deflection corresponding to about .35 milli-ampere. It was found 
necessary at times to use a shunt with this instrument. The cur- 
rent in the axial coil was measured with a Weston ammeter. 

As the current in the coil was varied, the size of the recording 
spot underwent a continual change, at one time appearing as a 
circle of one or two millimeters diameter and an instant later cover- 
ing the entire screen (12 cm. dia.). With the variations of field, 
also appeared light and dark spots which travelled along the walls 
of the tube, exactly as though the kathode rays were being focused, 
causing the formation of nodes and loops. The position of the spot 
for a given field was steady and its appearance more intense than 
under normal conditions. At very strong fields no rays impinged 
upon the glass walls between kathode and diaphragm. The dis- 
charge could be plainly seen proceeding down the center of the tube 
in a tiny bluish bundle. This bundle, however, exhibited all the 
characteristics of the kathode rays, 7. ¢., it produced the usual phos- 
phorescence upon the screen, and, upon being deflected by a trans- 
verse field on either side of the diaphragm it produced the charac- 
teristic greenish patch on the glass walls. It is to be especially 


noted that such deflection between kathode and diaphragm, near the 
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‘ 
latter, produced a rise of voltage, while deflection between diaphragm 
and screen had no such effect. 

In plotting the curve of voltage drop for a parallel field the axial 
coil was placed two inches from the diaphragm toward the kathode. 
Readings were made of terminal tube voltage and current for vari- 
ous field strengths as expressed in ampere turns on the fixed coil. 
The results of this run are shown in curve I., Fig. 2. It will be 
noticed that the normal tube voltage was 17,500. The tube current 
remained practically constant throughout the wide range of voltages 
obtained. 

In order to check these results, the experiment was repeated, 
using the same apparatus. In the second case, however, the initial 
tube voltage was at the higher value of 24,000 volts. A reversing 
switch was placed in circuit with the magnetizing coil and readings 
with field direct and reversed taken at each value of ampere turns. 
These curves are marked II. and III. in Fig. 2. When taken in 
connection with the observed phenomena the results of these two 
runs are in close agreement. 

The normal tube voltage of curve I. is 17,500. This remained 
sensibly constant up to about 500 ampere turns, when it dropped 
off very suddenly, reaching the value of 10,000 at 1,000 ampere 
turns and continuing to drop irregularly till the very low value of 
7,000 was reached. 

In the case of the two latter curves, we start with a slightly 
higher vacuum and consequently higher velocity. The drop in 
voltage first occurs at about 1,000 ampere turns, a value rather 
higher than before, but reaches a minimum for the first slope at 
about the same value of ampere turns (2,000) as in the first case. 
Both curves then continue somewhat irregularly down to 7,000 
volts, when all curves are coincident. 

In so far the above results are also in agreement with those of 
Birkeland, who f.,.unda large voltage drop at a certain “ critical field 
strength,” which ‘ critical field’ was greater for higher vacua. 

The difference which exists between the two experiments lies in 
the form of discharge. Withthe coil placed near the cathode there 
occurred simultaneously with the voltage drop a total disappear- 


ance of kathode rays, the discharge being accompanied by a bluish 
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glow from kathode to anode which exhibited none of the char- 
acteristics of the kathode rays. This fact has been also noted by 
the writer. With the coil at the diaphragm, however, a consider- 
able drop may be obtained without the disappearance of kathode 
rays. Throughout the entire range of voltage covered by the curves 
of Fig. 2 there was a visible spot upon the screen S. 

A glance at the curves I., I]. and II]. would indicate that the drop 
in voltage was due to some irregular action of the magnetic field 
upon the conditions governing the generation of the kathode rays, 
which cause them to be established at a lower potential for the same 
tube pressure. Close observation of the behavior of the ray, how- 
ever, does not confirm this, but tends toshow that while the voltage 
drop accompanies the field the two are not directly related, the 
former being in reality only a secondary effect. For, the presence 
of a weak magnetic field produced no effect upon the voltage. It 
was only when the field became strong enough to markedly decrease 
the impingement of the rays on the walls of the tube and to direct 
them more nearly toward the center of the diaphragm that any 
drop became noticeable. In the present case at the high value of 
field due to 6,000 ampere turns, the tiny blue bundle of rays could 
be plainly seen up to the diaphragm, the voltage being about one 
third of its normal value. The slightest movement of the coil 
which caused the rays to impinge against the glass wall or to diffuse 
against the diaphragm caused an instant rise of voltage. A second 
experiment illustrates this point even more forcibly. 

A tube was taken of very high vacuum which required for the 
establishment of kathode rays a voltage corresponding to a one- 
and-a-quarter-inch spark between one-inch ball points. Using the 
coil previously described placed just over the diaphragm and a 
field strength of 6,000 ampere turns, no perceptible voltage drop 
could be secured, while no concentration of the rays was observed. 
When, however, the coil was brought to its position near the dia- 
phragm a value of 2,000 ampere turns sufficed to darken the walls 
of the tube in its vicinity and the voltage immediately dropped to 
that corresponding to a spark gap of five-eighths inch. 

We may then sum up the results of the above experiments as 


follows : 
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1. A magnetic field parallel to the path of kathode rays does 
not alter the amount of current taken by a kathode ray tube over 
the wide range of voltage obtainable with such a field. 

2. A large but irregular decrease in the voltage required to pro- 
duce discharge in a kathode ray tube accompanies a strong mag- 
netic field parallel to the direction of the rays. 

3. The direction of the parallel field has no effect on the results. 

It is the opinion of the writer that at least part of the decrease 
in terminal voltage with increasing field strength is not an effect of 
the magnetic lines upon the generation of the kathode rays but is 
caused as a secondary effect. 

Further, that one component of the terminal voltage is in reality 
due to a counter electromotive force resulting from the repelling 
action of those negative particles which collide with the walls of 
the tube and the diaphragm upon those particles which leave the 
kathode just behind them; and that another component of the 
voltage is consumed in maintaining the current under given condi- 
tions of vacuum and tube length. <A third component gives to the 
particles their velocity. Also it is believed that the decrease in 
terminal voltage is in part due to the removal of the counter E.M.F. 
by the concentration of these rays in a tiny bundle along the axis 
of the tube and in part due to the reduction of the velocity com- 
ponent.’ 

Since in several determinations of the value em of kathode rays, 
the velocity has been assumed proportional to the square root of 
the voltage, the above separation of the latter into components may 
explain one source of discrepancy which exists between the values 
found by this assumption and those which employ more direct 
measurements. 

The values of ¢/#z as determined by Kaufmann * and Simon * using 
the potential method are 1.86 x10’ and 1.865 x 10’ respectively. 

1 Almy has attempted to prove the non-existence of counter E.M.F. by forming the 
anode of a hollow cylinder which completely surrounded the kathode, a thick wire. 
Using a magnetic field he was able to still produce a very decisive voltage drop. It will 
be seen at a glance, however, that since a field parallel to the axis of the tube would be 
perpendicular to a large part of the rays, while a field normal to such axis would be part 
normal and part parallel to these rays, we have a rather complicated action which cannot 


be fairly compared to the present case. 
2 Kaufmann, Wied. Ann., 61, p. 544. 3Simon, Wied. Ann., 69, p. 589. 
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Wiechert' by comparison with the velocity of light found ¢ m as 
1.26 x 10’ and J. J. Thompson’ by balancing magnetic and electro- 
static forces determined a value of 1.77x 10’. The latter points 
out two possible sources of error in Kaufmann’s method: 

1. Thatit is impossible to assume that the tube potential is the 
potential of the deflected rays since many of the kathode rays are 
known to start from a point beyond the kathode. 

2. That we have no right to assume that some of the electric 
energy is not consumed by collision of molecules. 

The above would indicate still a third objection to the potential 
method, namely the consumption of energy by a counter electro- 
motive force and by the component which maintains current. 

Recent experiments have indicated that the velocity of the rays 
at the reduced voltages due to magnetic field is higher than when 
generated at the same voltage under normal conditions. This point 
has however not been proved conclusively enough to warrant its 
assertion. 

In the use of a magnetic coil to improve the Ryan-Braun tube 
as an oscillograph,’ it has been found possible to secure good 
results by using a fairly low number of ampere turns placed close 
to the anode. In this position the coil does not affect the shape 
of the card on the screen, while the advantages of using it are: 

1. To secure the well defined spot of a rare medium without the 
troublesome flickering due to high voltages. 

2. To secure a more intense spot of light by the direction of 
more rays through the aperture in the diaphragm. 

3. To obtain a means of varying between limits the velocity of 
the ray and therefore the sensitiveness of the oscillograph. 

In conclusion the writer wishes to express his deep obligation to 
Professor H. J. Ryan and Professor E. Merritt, of Cornell Univer- 
sity, for advice and assistance, without which the above work would 
not have been carried out. 

1 Wiechert, Weid. Ann., 69, p. 739. 

? Thompson, Conductivity of Electricity Through Gases, p. 91. 

3A discussion of the kathode ray oscillograph by the writer appeared in the Electric 


Journal for October, 1905. 
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PROCEEDINGS 
OF THE 
American PuysicaL Society. 
MINUTES OF THE TWENTY-NINTH MEETING. 


A REGULAR meeting of the Physical Society was held in Fayer- 
d weather Hall, Columbia University, New York City, on Saturday, 
October 28,-1905. President Barus presided. 

The society adopted the following minute expressive of the great 
loss sustained by itself and by the world of science in the death of our 
Vice President, our colleague and our friend, Professor DeWitt Bristol 
Brace, on October 2, 1905. 

It was under the shadow of this bereavement that the autumn meeting 
of the society was convened —a bereavement which is a personal one to 
nearly every member of the organization. A frequent contributor to the 
program, a vice president of the Society, a charter member, and the 
genial friend of every other member, Professor Brace will be long and 
keenly missed by everyone of us. For not only have our proceedings 
been cnriched by his contributions to knowledge, but those in attendance 
upon our meetings have always been inspired by his devotion to pure 
science, by his clear grasp of the vital connection between fact and 
theory, and by his experimental skill. 

Born at Wilson, New York, on January 5, 1859, he took his bachelor’s 
degree at Boston University in 1881, at the same time specializing in 
physics at the Massachusetts Institute of Technology. In his graduate 
work, he had the good fortune to come under the influence of Rowland 
and Helmholtz, with the latter of whom he took his doctor’s degree. 
Two years of mathematical physics with Kirchhoff were also a potent 
factor in his development. 

His researches, covering a wide range of optical subjects, are described 
mainly in IVzedemann's Annalen, the Philosophical Magazine, the Astro- 
physical Journal and the Physical Review, during the twenty years fol- 
lowing 1885 when his doctor’s dissertation appeared in the first mentioned 


periodical. 
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Those who were associated with him as students at Baltimore and Ber- 
lin, those who have worked with him as colleagues in the University at 
Lincoln, those students who have come under his guidance in the labora- 
tory and those who have accepted the generous hospitality of his home, 
unite in admiration of the fine qualities of mind and the high ideals which 
made him at once a successful teacher and an effective investigator. 

His modesty was innate; his courtesy, never failing; his energy and 
singleness of purpose, a powerful stimulus to all who knew him. 

The following papers were presented : 

1. ‘*Standard Cells with Electrolytic Mercurous Sulphate as Depolar 
izer.”’ Geo. A. Hulett. 

2. ‘* The Phenomena of lonization in Flame Gases and Vapors.’ 
F. L. Tufts. 

3. ‘* Instruments and Methods Used in the Magnetic Survey of the 
North Pacific Ocean by the Carnegie Institution of Washington.’’ L. A. 
Bauer. 

4. ** The Transmission and Reflection of Electric Waves by Screens of 
Resonators and Grids.’’ F. C. Blake and C. R. Fountain. 

5. *‘* The Nucleation of Dust-free Air, Energized or not, Observed at 
Successively Increasing Supersaturation.’’ Carl Barus. 

6. ‘* The Duration of the After Glow Produced by the Electrodeless 
Discharge.’’ C. C. Trowbridge. 

7. ‘* The Decay of Phosphorescence in Sidot Blende.’’ E. L. Nichols 
and Ernest Merritt. 

8. ‘* The Conductivity of the Air due to the Sulphate of Quinine.’’ 
Fanny Cook Gates. 

g. ‘* The Conductivity of the Vapor from a Mercury Are.’’ C, D. 
Child. 

10. ‘* The Construction and Measurement of Standards of Inductance.’’ 
E. B. Rosa. 

11. ‘* Preliminary Report on a New Determination of 7, the Ratio of 
the Electro-magnetic and Electro-static Units.’’ E. B. Rosa and N. E. 
Dorsey. 

Announcement was made that the annual meeting of the Society would 
be held in New York City, December 29-30, 1905. 

Adjourned. 

ERNEST MERRITT, 
Secretary. 
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THE PHENOMENA OF IONIZATION IN FLAME GASES AND VApors:.! 
By F. L. Turts. 


HE paper presented the results of a large number of measurements 

made on the relation between ionization in the ordinary gas flame, 

the rate of consumption of gas by the flame and the character of the flame. 

The results were also given of measurements made for the purpose of 

determining the possibility of obtaining a saturation current through the 

flame and also the relative rates of production of ions in the different 
parts of the flame. 

‘The last part of the paper contained the results of measurements made 
for the purpose of determining the conductivity imparted to the different 
parts of the flame by the vapor of sodium chloride and also the relation 
between the conductivity of the vapor and the conditions under which it 
was introduced into the flame. 


THE TRANSMISSION AND REFLECTION OF ELECTRIC WAVES B\ 
SCREENS OF RESONATORS AND BY GrRIDs.! 


By F. C. BLAKE AND C. R. FOUNTAIN 


1. The source of the waves was a Righi vibrator placed horizontally 
in the focal line of a parabolic mirror. ‘The detector was an iron-con- 
stantan Klemenci¢ receiver similarly placed. A second receiver was 
used as a check. both were tuned, their length being 4.0 cm. when 
tuned. ‘The principal wave-length of the radiation employed was meas- 
ured by means of an interferometer and found to be 9.8 cm., the di- 
ameter of the spheres of the vibrator being 0.952 cm. 

2. The reflection and transmission of screens of tin-foil resonators in 
air were determined, as the length of the resonators was constantly les- 
sened. For the case where the resonators were three centimeters apart 
sidewise, 7. ¢., in a direction perpendicular to the electric force orto the 
axis of the vibrator, maximum resonance was obtained for a length 
5-3 cm. 

3. The same measurements were repeated for resonators on glass and 
the effect due to different distributions of resonators was studied. A 
variation in the distribution end-on, 7. ¢., parallel to the electric force, 
altered the percentages of transmission and reflection but did not affect 
the resonating-length. A variation in the distribution side-on, 7. ¢., 
perpendicular to the electric force changed the length for maximum 

1 Abstract of a paper presented at the meeting of the Physical Society held on October 
28, 1905. ‘The paper itself will appear in a later number of the PHysicaL REVIEW 
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resonance or the resonating-length. This effect proved to be an inverse 
one, an increase in the side-on distance between resonators, causing a 
decrease in the resonating-length. It was noticed that for a side-on dis- 
tribution ranging from 2 to 7 cm. (14 A to 34 4, about), the glass, when 
covered with strips whose length was twice that for resonance, reflected 
less than when bare. This indicates a lessening in the index of refrac- 
tion of the glass, a phenomenon that finds a possible explanation in the 
Ketteler-Helmholtz dispersion theory. 

4. The reflection and transmission of grids (continuous strips) in air 
and on glass were measured and then the grids were cut into resonators 
and the reflection again determined. For the distribution 3 cm. side-on 
the reflection was for air twice, for glass ten times as great as for the 
uncut strips. 

5. The reflection and transmission of grids of wire (B. and S. No. 34) 
were determined, a grid with wires 2.5 cm. reflecting 1oo per cent. 

6. It was estimated from data obtained in the progress of the work 
that the free resonator-length in air would not be far from 1% A, support- 
ing Poincaré’s value of 2 for the ratio between wave-length and resonator- 
length, while MacDonald’s value of 2.53 seems more nearly to hold for 
the ratio between wave-length and receiver-length. 


THE DURATION OF THE AFTERGLOW PRODUCED BY THE 
ELECTRODELESS DISCHARGE. 


By C. C. TROWBRIDGE. 


“THE purpose of the investigation was to study the duration of the 
glow that often appears after the cessation of the electrodeless 
discharge in gases at low pressures. Measurements made thus far on 
the duration of the glow in air show a maximum of duration between 
.15 and .o2 millimeter pressure, also that this maximum point varies 
with the electrical conditions of the experiment. It was determined that 
there is a critical point between 0.7 and .3 millimeter pressure where the 
glow is only occasionally formed, after which as the pressure is further 
reduced, the duration of the glow increases rapidly to the maximum. 

A study of the duration of afterglow under various conditions has 
shown that smooth curves can be readily obtained showing the variation 
of the duration of the afterglow with change of pressure of the gas. It 
has been found that the maximum of duration of these curves, when the 
electrical intensity is small, is at the same pressure approximately as the 

1 Abstract of a paper presented at the meeting of the Physical Society held on 


October 28, 1905. 
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minimum sparking potential of the electrodeless discharge, or the point 
at which the discharge is most easily started. Also, when the frequency 
of the discharge is altered by a change of capacity, the position of the 
maximum point of the duration curve is altered to correspond to the dis- 
placement of the minimum sparking potential of the discharge. 
Lengthening the spark gap and thereby increasing the electrical in- 
tensity inside of the vessel in which the discharge takes place changes the 
form of the duration curve, and when the electrical intensity is thus in- 
creased above a certain amount, the curve obtained is completely altered 
in form. ‘The electrodeless discharge was also made to take place ina 
vessel at liquid air temperature and it was found that the afterglow 
accompanying the discharge was diminished considerably in duration and 
intensity at the low temperature of about —186° C. When the afterglow 
in the rarefied air is allowed to diffuse into a vessel cooled to liquid air 
temperature, the duration curve is displaced some distance towards the 
higher pressure and is changed in form, other conditions being the same ; 
otherwise, the duration of the afterglow, which in the experiment was 
approximately thirty seconds, was found to be little different than when 
the air is at normal temperature. ‘That a long-enduring glow can be 
obtained at the low temperature of liquid air and a pressure approximately 
one-tenth of one millimeter is obviously important in its bearing on 


problems of astrophysics. 


THE Decay OF PHOSPHORESCENCE.! 
By E. L. NicHo_s AND ERNEST MERRITT. 


| N considering the decay of phosphorescence from the theoretical stand- 

point the authors have adopted in its general form the theory of 
luminescence proposed by E. Wiedemann and Wiedemann and Schmidt, 
in which it is assumed that dissociation of the active substance is pro- 
duced during excitation and that the recombination of the products of 
this dissociation is accompanied by the emission of light. For reasons 
stated in a previous paper the authors think it probable that this dissoci- 
ation is similiar to that produced in gases by Roentgen rays, rather than 
to chemical or electrolytic dissociation of the ordinary kind. 

Stokes’ Law is explained by the fact that the ions formed are more 
strongly attracted to the molecules of the solvent than were the original 
neutral molecules, so that recombination will usually occur when the ions 
are close to the solvent molecules. ‘The vibrations set up on recombi- 
nation are therefore of longer period than those natural to the free mole- 

1 Abstract of a paper presented at the meeting of the Physical Society held on 


October 28, 1905. 
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cule of the active substance. According to this view Stokes’ Law is not 
to be looked upon as exact, but rather as expressing a general relation be 
tween the regions of excitation and emission. An overlapping of the 
luminescence spectrum and the absorption spectrum, such as has fre- 
quently been observed, is to be anticipated. 

The authors show that the modified theory of Wiedemann and Schmidt 
also accounts satisfactorily for a number of other general laws of lumines- 
cence, ¢.g., the fact that luminescence light is unpolarized, even when 
excited by polarized light ; and that the luminescence spectrum (in the 
case of a single band) is independent of the wave-length of the exciting 
light. 

The simplest hypothesis regarding the rate of recombination of the 
ions in a luminescent substance is that which has been applied to the 
case of ionization in gases. If # isthe number of positive ions present at 


any time /, we have 


an ’ 
= — an, 
at 
I I 
= + af, 
A ,7 


and since the intensity of the phosphorescence light is proportional to the 


number of recombinations per second, 7. ¢., to a7’ 


Observations made on the phosphorescence of Sidot blende are in com- 
plete agreement with this law for 7 seconds. ‘The constant & is a func- 
tion of the wave-length of the particular region of the phosphorescence 
spectrum that is being studied. But the ratio a/é should be independent 
of & for 

a I Vk I 


0 N, Vka Va Nyt 


Observations made at three different wave-lengths gave for a/4 the three 
values, 1.75, 1.73 and 1.65. 

The above simple law of decay does not hold throughout the whole 
time of phosphorescence. After ten or fifteen seconds the decay is found 
to be more gradual than that corresponding to the above expression for /. 
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aD 
The results may perhaps be looked upon as indicating a gradual decrease 
in the constant a, which change is to be anticipated on the basis of the 
modified dissociation theory. The long time phosphorescence of Sidot 
blende is now being studied. 
THE CONDUCTIVITY OF THE VAPOR FROM A Mercury Arc.! 
By C. D. CHILD. 


N investigation of the space in the neighborhood of a mercury arc 


d has shown the following facts. The vapor coming from a mercury 
arc is highly conducting. A luminous space gradually spreads out from 


the arc and the front of this region has the greatest conductivity and the 
greatest luminosity. ‘This conductivity is not due directly to ions 
coming from the arc, nor to rays sent out by it. It is not due to any 
leakage over the surface of the glass. It is probably not due to the high 
temperature of the gas. 

A probable explanation is one suggested by Professor Ernest Merritt, 
?. ¢., that when the ions first recombine they are in a condition of un- 
stable equilibrium, much like the atoms of radio-active matter and that 
many of these combinations break up again into positive and negative 
ions. 

There is an e.m.f. between electrodes inserted in different parts of 
the tube, which is possibly due to the more rapid diffusion of the negative 
ions. 

! Abstract of a paper presented at the meeting of the Physical Society held on October 


28, 1905. 
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POTENTIOMETER. TYPE K IMPROVED Form. 

Our new Type K Potentiometer is an instrument of moderate resistance which 
combines all the advantages of previous forms of both high and low resistance 
potentiometers. Itis the result of our extensive experience in the use and con- 
struction of both kinds. 

Like the high resistance potentiometers it has a wide range, the permanent 
accuracy of the resistances can be relied on and their accuracy can be easily checked. 
Like the low resistance instruments its sensibility is a maximum for all classes of 
measurments and it is especially advantageous for measuring the electro-motive 
force of thermo-couples. It is most convenient to use, and in our form there 


are no contact resistances in the potentiometer circuit proper. 
Our improved quick method of checking against the standard cell is employed. 
The wide range of measurement (1.6 volts to 1 microvolt) is by infinitesimal steps. 
Send for complete descriptive pamphlet on the potentiometer and our .Vew Cava 


/ogue of Electrical Measuring Instruments, 112 pages. 





THE LEEDS & NORTHRUP Co. 


PHILADELPHIA, PA. 





WESTON — 


STANDARD 
PORT ABLE 
DIRECT-READING 
VOLTMETERS GROUND DETECTORS AND 
MILLIVOLTMETERS Circuit TESTERS 
VOLTAMMETERS WATTMETERS 
AMMETERS OHM™METERS 
MILLAMMETERS PorRTABLEe GALYANOMETERS 





WESTON STANDARD PORTABLE DIRECT-READING NYOLTMETER FOR 
DIRECT CURRENT 


Our Portable Instruments are recognized as The Standard the 
world over. The Semi-Portable Laboratory Standards 
are still better. Our Station Voltmeters and 
Ammeters are unsurpassed in point of 
extreme accuracy and lowest 
consumption of energy 





WESTON ELECTRICAL INSTRUMENT CO., 


Waverly Park, NEWARK, N. J., U.S.A. 
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As used by the leading Governments, by all the Submarine Cable Companies and 
by numerous Electric Supply and Manufacturing Corporations, Universities and 
Educational Institutions throughout the world. 





For particulars of this and other special apparatus, apply to the 


Sole Maker, H. W. SULLIVAN 
19, Great Winchester Street, LONDON, E. C. (England* 


to whom all communications should be addressed direct 
N. B.—No Agents) 








MORSE TWIST DRILL AND MACHINE CO. 


NEW BEDFORD, MASS., U.S. A. 


eee Manufacturers of ... 


Increase Twist and Constant Angle Drills, Chucks, Reamers, Milling 
Cutters, Taps, Dies and Machinists’ Tools 











WM. GAERTNER & CO. 


Astronomical and Physical Apparatus 
5347 and 5349 Lake Avenue, CHICAGO 


SPECIALTIES 


Standard Apparatus of new and improved 
designs, Astronomical Telescopes, Spectro- 
scopes, Micrometers, Michelson Interferometers 
and Echelon Spectroscopes, Reading-microscopes 
and Telescopes, Heliostats, Dividing Engines, 
Comparators, General Laboratory Apparatus, 
Universal Laboratory-supports. 














Special attention paid to the construction of instru- 
ments for original investigation after our own or fur- 
nished designs. 





General Laboratory and Student Balance 





AMONG STANDARD BOOKS ON 
ELECTRICITY AND MAGNETISM 


BEDELL.—The Principles of the Transformer. By FREDERICK BEDELL, Ph.D. 
Assistant Professor of Physics in Cornell University. 250 Illustrations. 
8vo, cloth, price, $3.25, et, postage 16 cts. 


FRANKLIN AND WILLIAMSON.—The Elements of Alternating Cur- 
rents. By-W.S. FRANKLIN and R. B. WILLIAMSON. Second £dition, re- 
written and Enlarged. c. 11 + 333 p. 8vo, cloth, $2.50, #e¢; postage 15 cts. 





JACKSON.—A Text-Book on Electro-Magnetism, and the Construction 
of Dynamos. By DvucaLp C. Jackson, B.S., C.E. Professor of Electrical 
Engineering, University of Wisconsin. 12mo, cloth, $2.25, me¢; postage 12 cts. 

——__—__—Alternating Currents and Alternating Current Machinery. ly 
DuGALD C. JACKSON, C.E., University of Wisconsin, and JOHN P. JACKSON, 
M.E., Pennsylvania State College. 

pp. xvii + 729, 12mo, cloth, price, $3.50, #e¢,; postage 17 cts. 





Elementary Electricity and Magnetism. By D. C. JAcKson, 
University of Wisconsin, and J. P. JACKSON, State College, Pennsylvania. 
Illustrated. Cloth, 12mo, $1.40 met; postage, 15 cts. 


THOMPSON.—Elementary Lessons in Electricity and Magnetism. by 


SILVANuS P, THompsoON, D.Sc. 16mo, cloth, $1.40, met; postage 14 cents. 


WEBSTER.—The Theory of Electricity and Magnetism. by A. G. Wen- 
STER, A.B. (Harv.), Ph.D. (Berol.) Assistant Professor of Physics, Clark 
University. pp. xii + 576, 8vo, cloth, price, $3.50, ze; postage 21 cts. 








THE MACMILLAN COMPANY, Publishers, New York. 
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RICHARD MULLER-URI "iran" 


Manufacturer of BLOWN GLASS FOR SCIENTIFIC PURPOSES 


Chas. R. Cross’ Vacua Scale—Harris J. Ryan’s Modification 








of Braun’s Cathode-Rays Tube, extra large—McFarlan- A 
Moore’s Vibrator Apparatus—Transtormer, Tesla’s recent / ' 
Model, without Oil-insulation, and Vacuum Tubes— ( a 
Spectrum Tubes, improved recent models — Electrical Ni 27/] 
Tubes after Arons, Bruan, Crookes, Ebert, Geissler, \ of | 
Goldstein, Hittorf, Lecher, Lenard, Pulu, Réntgen, y 
Tesla, Wien, Zehender — Photoelectric Cells and Appara- | | 
tus — Selenium Cells—Electrometer Exner’s Atmo- 
spheric-Electricity- Apparatus —- Dry Piles — Mercurical 





Arc-Lamps—Current Demonstration Apparatus 
: —Compendium, Stan’d Series of Geissler Tubes. 
Vacua Scale 

Sole Maker and Furnisher of 
Patented Constructions: N. 


21512 ec ube for common and g 
a a = eatin ee Na McFarlan-Moore Apparatus 
200160 Electroscope, improved special S Apparatus for Chemical Work 
Com pound-Insulation es 
160542 Heat Propagation-Apparatus, 5 Best Chemical Glassware and 
after Krinziins b Porcelain— Bohemian Glass and 
134775 Research of Germination Ap- < ena-Normal Glasses — Crystal 
paratus, after 0. Reinke “a 2 hermometers for projection and 
515874  Rontgen Tube, Miiller-Uri re for the most high and low Tem- 
Model for Dermatologists 
142885 Miller and Schmidt, Electrical peratures. 





Current Apparatus St. Louis 1904 Centennial Exhibition 





PHYSICAL APPARATUS 


FOR LECTURE AND DEMONSTRATION PURPOSES 


Manufactured by MAX KOHL, Chemnitz 
IMPORTED AT LOWEST PRICES by 


EIMER & AMEND 


18th STREET and THIRD AVENUE, NEW YORK 


Manufacturers and Importers of 


C. P. CHEMICALS AND REAGENTS 
CHEMICAL APPARATUS, Etc. 


Agents for the 


Optical Goods made by 
FRANZ SCHMIDT & HAENSCH, CARL ZEISS and others 








Curie’s Radium and Apparatus for the Study of Radio- Activity 
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Scientific Apparatus 


FOR THE EQUIPMENT OF 


Physical and Electrical 





Engineering Laboratories 





For more than 10 years I have supplied high grade Scientific Apparatus to 
universities and colleges throughout the U.S. Not being a manufacturer | am free to 
recommend what is most suitable for a specified purpose (wherever made) and am 
prepared to offer technical advice as to the best types of instruments. 

My facilities enable me to furnish (at factory prices) apparatus from the best man- 
ufacturers in America as well as Europe. 


I make a great feature of ‘‘ Duty Free ”’ importations. 


Pamphlet 590 contains a descriptive list of catalogues which I have on file for free 


distribution to possible buyers. Write for a copy. Also ask for sample copy of 


* Biddle’s Bulletin.’’ 
JAMES G. BIDDLE 
1114 Chestnut Street Philadelphia, Pa. 


Weston Instruments, Gaertner Apparatus, Wolff Resistances and ‘‘ Chloride 
Accumulator’’ Batteries a Specialty 

















Special Controllers for Special Conditions 








Tt sometimes happens that our stand- 

ard apparatus is not suitable in all 
respects for conditions of service to be 
met. In cases of this kind we design 
and build apparatus that is suitable. 

A large engineering force whose time 
is devoted solely to solving problems of 
electric control, and the largest factory 
devoted to the exclusive building of elec- 
tric controllers give us unusual advan- 


tages in doing this sort of work. 











THE CUTLER-HAMMER MFG. CO. 


‘MILWAUKEE, WIS. 
NEW YORK CHICAGO PITTSBURG BOSTON 


136 Liberty St. 1232 Monadnock Bldg. 322 Frick Bldg 176 Federal St. 

















REMOVAL SALE 


Extraordinary Bargains 








Chemical and 
Scientific Apparatus 


In removing our warerooms and salesrooms, we find 
it desirable to clear out much of our very large stock of 
APPARATUS, and are, therefore, offering it at 


GREATLY REDUCED PRICES 


Circulars have been issued in which each article will be 
found carefully described and is exactly as represented. 
This sale affords an unusual opportunity to obtain first- 
class apparatus at SINGULARLY LOW PRICES. 


As this stock will be disposed of in a very short time 
after the circulation of these lists, those interested should 
WRITE IMMEDIATELY. Orders will be filled in the 
order of their reception and we cannot accept orders at 
these prices after the articles are disposed of. The prices 
are net cash without discount. 





Send for Circular 1005 for Scientific Apparatus. 


C A for Chemical Apparatus. 


Queen & Co., Inc. 


J. G. GRAY, President. 
PHILADELPHIA, PA 


SCIENTIFIC INSTRUMENTS 


--FOR.. 


Colleges, High Schools, Physicists, Electro-chemists, Etc. 











SPECIALTIES. —-Standards of Resistance, Capacity and Self-Induction; Elec- 
trometers, Galvanometers, Magnetometers, Permeameters; Wheatstone Bridges and Re- 
sistance Sets; Testing and Cable {Testing Sets, Conductivity Bridges, Potentiom- 
eters, Photometers, Etc. 





Radio-Activity and Electro-Chemistry 


We have given special attention to the development of instruments for the study of 
the above two subjects. 





POTENTIOMETER (Slide Wire Type) 0-1.5 volts. 


Refore placing your Fall orders for Laboratory Equipment find out about our 
apparatus. The Designs are up-to-date ; material and construction of the best; Con- 
venience, Accuracy, and Simplicity are Cardinal Features. 


A new General Catalog and a number of special eatalogs are in press—GET 
YOUR NAME ON OUR MAILING LIST NOW! 


We make instruments to order from our own or customers’ d- signs. 


THE WILLYOUNG GIBSON CO. 
40 W. 13th St., New York City. 








IMPORTANT NOTICE.—the Willyoung Capillary Electrometer is 
now ready—the perfected result of much study and experiment—invaluable to Electro-Physi- 


cists. Excels in convenience, sensitiveness, and freedom from error. (Circular §36). 
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A PROGRESSIVE ELECTRO-DYNAMIC EQUIPMENT 


For use in all Schools Teaching Electricity 
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With which over sixty-five experiments may be performed, as fully explained in ou, 
Teacher’s Handbook. The above outfit supplied with or without electric drive motor of any 


voltage or current, also with steam or gasoline or with water motor. Send for descriptive matter. 


H. J. EVANS, WAUSAU, WISC. 


RADIO-ACTIVITY 


By E. RUTHERFORD, D.Sc., F.R.S., F.R.S.C. 


McGill University, Montreal 








Second edition, thoroughly revised. 


‘* Among those who have contributed most to the exact study of radio-activity, 
Professor Rutherford occupies a foremost place, so th.t a connected ac- 
count of the experimental results obtained and theories proposed to ex- 
plain them from his pen cannot but be welcomed by all those interested 
in the subject . . . The book is not of a popular character ; it is in- 
tended for those who wish to study the subject scientifically, possibly 
with the view of undertaking research work on it. For such students it 
is admirably adapted, and possible openings for research work are sug- 
gested implicitly or explicitly on almost every page. Such a work can- 
not fail to be of great service to scientific students.’’— Nature. 


14 + 580 pp., 8vo, tllust., $4.00 net. 





ree» THE MACMILLAN COMPANY “*ye2yo” 
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DUFF’S 
Physics Sets 


FOR 


tion of the Laws of 
Mechanics. 


inant Branch of Physics. 


Send for our bulletin 
106. 


INTERNATIONAL 


Cambridge, Mass., 
U. S. A. 





and laboratory apparatus. 


DR. STEEG & REUTER 


Optisches Institut 


Homburg, v. d. Hohe, GERMANY 


cence and Phosphorescence of light. 


polarized light. 


Rocksalt, Selenite and Mica. 


prisms for direct vision and deflected ray: 
PLANE-PARALLEL PLATES. 





Norrenberg’s Polariscope 























Experimental Demonstra- 


They furnish an impressive 


student course in this Dom- 


INSTRUMENT CO. 


Makers of high-grade scientific 


APPARATUS AND PREPARATIONS for investiga- 
tions of POLARIZATION, Interference, Diffraction, Fluores- 


FILMS OF NATURAL AND ARTIFICIAL CRYSTALS for 
studying the optical properties of crystallized bodies in 


PREPARATIONS of calcspar (NICOL PRISMS), Quartz, 


ACCESSORIES FOR SPECTROMETERS as: Solid and hol- 
low prisms. Amici or Janssen prisms. Wernicke's fluid 
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Siemens & Halske Aktiengesellschafi 


Ammeters, Voltmeters, Wattmeters, Dynamometers, Ohmmeters, Potentiometers, 
Normal Resistances, Resistance Boxes, Box Bridges, Slide Bridges, Thomson 
Bridges, Condensers, Moving Coil Galvanometers, Moving Needle Galvanom- 
eters, Reading Telescopes, Electrometers, Electrostatic Voltmeters, Cable Sets, 
Permeameters, Photometers, Hefner Lamps, Tachometers, Keys, etc. 


Carl Zeiss Optical Works 


Spectroscopes, Spectrometers, Refractometers, Comparators, Stereo-Comparators, 
Interference and Schlieren Apparatus, Microscopes, Microscopic Objectives, 
Microphotographic Apparatus, Projecting Lanterns, Binocular and Monocular 
Telescopes, Astronomical and Astrophotographic Objectives, Field Glasses and 














Stereoscopic Telescopes, Stereoscopic Telemeters, Photographic Lenses, 
Cameras, Stereoscopes and Verants, lelescoy ic Gun Sights, etc. 
For Literature and Quotations address 





THE SCIENTIFIC SHOP 
ALBERT B. PORTER 
Scientific Instruments 326 Dearborn St., Chicago 








Elements of Electromagnetic Theory 
By S. J. BARNETT, | h 


. 
? y 


D., Professor of Physics in the Tulane 
fa. 


480 pp., 8vo, $3.00 net 


(postage 20 c.) 


University, New Orleans, 


‘The numerous references to original memoirs and advanced treatises mate- 
rially add to the value of the work for the really serious student. The 
closing chapters, on convection and displacement currents, flux of 
electro-magnetic energy, and electric waves, put the student in a posi- 
tion to read with profit the modern theories of light and of disturb- 
ances in the ether in general. The work has long been needed and is 
a welcome addition to our literature on mathematical physics.”’ 

E. B. W., inthe Amertcan Journal of Science. 


THE MACMILLAN COMPANY, Publishers, 64-66 Fifth Av., New York 














JUST READY, A SECOND EDITION OF DR. SCHNABEL’S 


By Translated by 
Dr. CARL SCHNABEL HENRY LOUIS 
from the Second German Edition of 1902 
Volume I. CoppER—LEAD—SILVER—GOLD. $6.50 nes, 
Volume II. Published in German, 1904. Ready ear/y in 1906 





THE MACMILLAN COMPANY, Publishers, 64-66 Fifth Avenue, New York. 
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Laboratory Optical Bench 
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Designed to meet the demand for an accurate and convenient form of 
the Optical Bench which can be sold for a moderate price. It consists of a 
graduated rod 19 mm. square, 200 cm. long and graduated in mm. _ This is 
supported on our new extra heavy end supports. By means of a special clamp 
the various accessories shown above may be attached. This same rod and end 
supports may be used as a Photometer support, for which we manufacture a 
complete line of accessories. 

A circular containing complete description and price list of various 
accessories of either the Photometer or Optical Bench will be sent upon 
application. 


Central Scientific Company 
14-28 Michigan Street Chicago 


Triplex Blocks 


not only cut-lift but out- 
last any other hand hoist. 
They are designed to reduce 
wear, and each part of the 
block 1s made of the best 
material and carefully 
in spected. 

TRIPLEX BLOCKS 
may be used independently of 
weather conditions. 








The Mechanism ofa Triplex Block 


Pages 55, 56 or 57 of chain Block Catalog explain the superiority 


of Yale Towne hooks and Chain. Write for it. 





‘THE YALE AND TOWNE MANUFACTURING CO. 
9 MURRAY STREET, NEW YORK 
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Diffusing Reflectors 


A New Departure Secures Increased Efficiency 





IVE broader illuminated area 
than any other. Secure soft- 
tened light, agreeable appearance, are 
white on outside, may be tinted to 
modify tone of light. Combine effec- 
tiveness of prismatic type with dif 
fusive action of porcelain type, retain 
agreeable appearance of latter, whilst 
avoiding obtrusiveness of former. 


4 Used in 
- All Rapid Transit 
Subway Stations 


# ILLUMINATING ENGINEERING CO, 


291 East Sixteenth Street, New York City 











E. L. ZALINSKI, Consulting Engineer on Illumination, Etc. 
Refers to C. C. Haight, A. W. Brunner, Wm. H. Aiken, Architects. 
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Transformers 
FOR 


LIGHTING 
AND POWER 


i 
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t 


Wireless. . 
.. Telegraphy 


Electrochemical 
.. Work 


c., Bec. 


AMERIGCAN 
TRANSFORMER 
COMPANY 


NEWARK, N. J. 
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BROCA GALVANOMETER 


A_suspended-needle instrument which is almost 




















perfectly astatic. Of far higher sensibility than 
galvanometers of the suspended coil type. Al- 
most uninfluenced by stray magnetic fields. 
Sensibility adjustable through a wide range 
by raising or lowering the tiny controlling magnet. 

The coils exchanged in a few moments for others 
of difterent reistance Price of Broca Galvanometer, 
complete, as illustrated, with one pair of coils ( Re- 
sistance about 50 ohms, unless otherwise ordered) 
£7.10.0. Extra pairs of coils ( Resist- 
ance about 4 ohms or 16000 hms, per 


pair 15s 


Prompt Delibery 


THE CAMBRIDGE SCIENTIFIC INSTRUMENT COMPANY, Limited 
This is henceforward our only address. CAMBRIDGE, ENGLAND, 








MAX KOHL, Chemnitz, Saxony 


MANUFACTURER OF 


PRECISION MECHANICAL INSTRUMENTS 
LARGEST ESTABLISHMENT OF ITS KIND 

Furnishes as a specialty complete outfits for Physical and Chemical Laboratories; Physical Apparatus 
and Instruments; Apparatus after Tesla, Hertz, Marconi, et Complet utfits for X-Ray work. 


Purest Radium bromid of 1,20 activity 


NOVELTY INDUCTION COILS, with Changeable Self-Induction, which allow soft 
medium hard or hard X-Ray Tubes to be worked with an electrolytic Interrupter 
with any current. 

Profusely lllustrated catalogues with 3.500 Illustrations, directions, quotations, references, eti 
in German, Englishor French furnished without any char 

World’s Fair St Louis, 1904, Grand Prize and Gold Medal 

World’s Fair, « hicago, 1893. 2 Diplomas; World’s Fair, Paris, 1900 

Orders may be addressed direct to MAX KOHL, Cuemnirz, or by the mediation 

Messrs. EIMER & AMEND, New York, 18th Street and Third Ave., or of 

Mr JAMES G. BI!I)DLE, Puirapecenia, 1114 Chestnut Street 

ARTHUR H. THOMAS CO., Puirapecenia,S W. Cor. Walnut and Twelfth Streets 
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Wagner Electric Manufacturing Co. 








ST. LOUIS, U. S. A. 


The most interesting and only commercially successful form of Single 
Phase Alternating Current Power Motor so far produced in this country, is 
that built by this Company. One or more of these motors should prove a very 
valuable adjunct to every College Laboratory, and we invite correspondence 
with University or College authorities on the subject. For such applications 
we are prepared to make liberal price concessions. 

We also manufacture transformers for all sorts of service, and Indicating 
Switchboard Instruments, samples of which we will be glad to place in Col- 


lege Laboratories at reduced prices. 


Have you our various Bulletins, descriptive of these lines? 


Factory and General Offices: St. Louis, U.S. A. 


The Astrophysical Journal 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 


EDITED BY 


GEORGE E. HALE and EDWIN B. FROST 


of the Yerkes Observatory 


WITH THE COOPERATION OF 


Tue LEADING ASTROPHYSICISTS OF THE UNITED STATES AND EUROPE 
CHICAGO 
The Gniversity of Chicago Press 


LONDON: Wa. Wesiey & Son 


Published every month except Subscription Price 
February and August Domestic, $4.00; Foreign, $4.'75 
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SCIENCE 


A WEEKLY JOURNAL DEVOTED TO THE 
ADVANCEMENT OF SCIENCE 


EDITORIAL COMMITTEE 


S. Newcoms, Mathematics; R. S. Woopwarpb, Mechanics; E. C. 
PICKERING, Astronomy; T. C. MENDENHALL, Physics; R. H. 
TuursTon, Engineering; IRA Remsen, Chemistry; Cuas. D. 
Waccotr, Geology; W. M. Davis, Physiography; Henry F. 
OszBorNn, Paleontology; W. K. Brooks, C. Harr Merriam, 
Zoology; S. H. ScuppER, Entomology; C. E. Berssgy, N. L. 
Britron, Botany; C. S. Minot, Embryology, Histology; H. P. 
Bowpitcn, Physiology; J. S. Brttincs, Hygiene; Witiiam H. 
Wetcu, Pathology; J. McKeen Carrect, Psychology. 


The past history of SCIENCE is a sufficient guarantee of its future 
usefulness. Such a JOURNAL is essential to the advance and proper recog- 
nition of the scientific work of each country, and in America where men 
of science are scattered over a great area, with no single center for per- 
sonal intercourse, it is peculiarly needful. With the growth of science 
and scientific institutions in America SCIENCE will occupy an even more 
important position than at present. It will continue to set a standard to 
the popular press in its treatment of scientific topics, to secure that general 
interest in science so essential to its material support, to enlarge the place 
of science in education and in life, and to demonstrate and increase the 
unity of science and the common interests of men of science. 

SCIENCE is published every Friday. Each number contains forty 
double-column pages of reading matter, and over 2000 such pages, making 
two large volumes, are published annually. The subscription price is only 


$5.00 per year or $2.50 per volume. Single numbers are sold for 15 cents. 


PUBLISHED BY 


THE MACMILLAN COMPANY 
66 FIFTH AVENUE, NEW YORK 
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Standard Text-Books on General Physics 








ANDREWS and HOWLAND.—Elements of Physics. By Ernest J. Av- 
DREWS, Instructor in Science in the Robert A. Waller High School, Chicago, and 
H. N. How Lanp, Instructor in Physics in the South Division High School, 
Chicago. Including a Manual of Experiments. 439 pp. Cloth, 12mo, $1.10, sev. 


SLATE.—Physics: A Text-book for Secondary Schools. By FReperick 


SLATE, University of California. Cloth, I2mo., $1.10, me¢; postage, I2c. 


CAJORI.—A History of Physics. In its Elementary Branches, including the Evo- 
lution of Physical Laboratories. By FLORIAN Cajort, Ph. D., Professor in Phys- 
ics in Colorado College, Author of ** A History of Mathematics,’’ ** A History of 
Elementary Mathematics,” etc. Cloth, Cr., 8vo, $1.60, met; postage 15 cts. 


CREW.—The Elements of Physics for Use in High Schools. by Iirexry 
CREW, Ph.D., Northwestern University. 
Second Edition, Revised. Cloth, $1.10, m-¢,; postage 12 cts. 


CREW and TATNALL.—A Laboratory Manual of Physics. 


(Companion to the above) go cts. 


CHRISTIANSEN.-— Elements of Theoretical Physics. By Prorrssor C. 
CHRISTIANSEN, University of Copenhagen. Translated by W. F. MaGir, Ph.D., 
Professor of Physics, Princeton University. Cloth, 8vo, $3.25, #e¢; postage 17 cts. 


MATTHEWS and SHEARER.—Problems and Questions on Physics. by 
CHARLES P. MATTHEWS, M.E., Purdue University, and JOHN SHEARER, B.S., 
Cornell University. | 8vo, cloth, pp. 247 + 4, price, $1.60, wef; postage 13 cts. 


STEWART.—Lessons on Elementary Practical Physics. By Bairour 
STEWART, A.M., LL.D., F.R.S., and W. W, HALDANE GEE. Cloth, 12mo 


Vol. I. General Physical Processes. $1.50, me¢; postage 9 etc. 

Vol. Il. Electricity and Magnetism. $2.25, e¢; postage 12 cts 

Vol. III. Part !. Practical Acoustics. $1.10, ne¢; postage 9 cts. 
Part Il. Heatand Light. /n Prep ration, 


NICHOLS.—Laboratory Manual of Physics and Applied Electricity. Ar 
ranged and Edited by Epwarb L. NICHOLS, Professor of Physics in Cornell Uni- 
versity. In two volumes. 


Vol. I. Junior Course in General Physics. By ExNesr Merritt and 
FREDERICK J. ROGERs. Cloth, 8vo, $3.00, met; postage I5 cts. 


Vol. Il. Senior Courses and Outlines of Advanced Work. By Grorce 
S. MoLer, FREDERICK BEDELL, HOMER S. HoTCHKISs, CHAS. P. MaT- 
THEWS, and THE EpbiTor. Cloth, 8vo, $3.25, wet; postage 15 cts. 


NICHOLS and FRANKLIN.- The Elements of Physics. By Epwarp L. 
NICHOLS and W. S. FRANKLIN. 
Volume I. Mechanics and Heat, $1.90 wet; Volume II. Electricity and Mag- 
netism, $1.yo, ze¢; Volume I11. Sound and Light, $1.50, sev. 


A large proportion of the students for whom primarily this Manual is intended are preparing to 
become engineers, and special attention has been devoted tothe needs of that class of readers 








Books published at NET prices are sold by booksellers everywhere at the advertised NET prices. 
When delivered from the publishers, carriage, either postage or expressage, is an extra charge. 


THE MACMILLAN COMPANY, New York: 64-66 Fifth Ave. 
BOSTON CHICAGO SAN FRANCISCO 
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Manufacturers of Scientific Instruments 


Electrical Whirling Table 


with Puluj apparatus 








Price, $70.00 
RADIUM 
Radium rods - - = $25.00 
Radium collection - - $31.25 














HARTMANN & BRAUN, A.-G. 


Frankfort-on-Main (Germany) 





Manufacturers of 


Electrical, Magnetic and Optical Measuring 
Instruments 











FOR ALL PURPOSES 





HIGHEST ACCURACY 


FIRST-CLAss WORKMANSHIP 


DEAD-BEAT MOVING COiL GALVANOMETER 
WiTH READING TELESCOPE AND SCALE 
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Important Scientific Books Recently Published 


BOTTOME, S.R. Radium and All About it. 96 pp. 12mo, il., paper 35c., me. 
BOYNTON, William Pingry, ('niverst/y of Oregon 
Application of the Kinetic Theory of Gases, Vapors, Pure Liquids, and the 
Theory of Solutions. 10+ 288 pp. S8vo, cl., $1.60 eZ. 
CLERKE, Agnes M., Authorof ‘A History of Astronomy during the Nine 
teenth Century.’ 


The System of the Stars. Second Edition thoroughly revised 
Cloth, 8vo, $6.50 ne/. 


CURRY, Charles Emerson, Ph.D. 
Electromagnetic Theory of Light. Part I. 15 joo pp. S8vo, gilt top, 
cloth, 42 fig., $4.00 me/ 

DEXTER, Edwin Grant, (’niversi/y of [ilinots. 
Weather Influences. An Empirical Study of the Mental and Physiological 
Effects of Definite Meteorological Conditions. With Introduction by Cleve 


land Abbe, LL.D. 31+ 286 pp. Svo, cl., $2.00 mes. 
DUFF, A. Wilmer, M.A.,D.8c., Worcesier Polytechnic Institute. 
Elementary Experimental Mechanics 267 pp. Cloth, 12mo, $1 60 ne/. 


GIBBONS, Edward E., (’niverst/y of Maryland, Baltimore 
The Eye: Its Refraction and Diseases. The Refraction and Functional 
Testing of the Eye, Complete in Itself, in Twenty-eight Chapters with Nu- 
merous Explanatory Cuts and Diagrams. 
9*472 pp. 4to, il, cl., $5.00 me/, half morocco, $6.50 nef. 
METCALF, Maynard M., Hioman’s College, Baltimore. 
An Outline of the Theory of Organic Evolution. With a Description of 
Some of the Phenomena which it Explains 
17+204 pp. Svo, il., cl., $2.50 meZ. 
NICHOLS, Edward L., and William S. FRANKLIN, Cornel! (University. 
The Elements of Physic. A College Text-Book. In Three Volumes. Vol- 
ume I.—Mechanics and Heat. Third edition, rewritten with additions. 
10+290 pp. Svo, cl., $1.90 nez, 
RIGHI, Augusto, (Universi/y of Bologna. Authorized Translation by AUGUSTUS 
TROWBRIDGE, Untversi/y of Wisconsin. Modern Theory of Physical Phe- 
nomena. Radio-Activity, lons, Electrons. 13+165 pp. 12mo, il., cl., $1.10 me?. 


RUTHERFORD, E., McGill Universi/y, Montreal. 
Radio-Activity. 8+399 pp. Svo, il., cl., $3 50 mes. 
SHEARER, John S., Cornet] University. 
Notes and Questions in Physics. New edition. 
7+284 pp. Svo, il., cl 
SWENSON, Bernard Victor, and FRANKENFIELD, Budd. 
Testing of Electro-Magnetic Machinery and Other Apparatus. Vol. I 


23+420 pp. 8vo, il., cl., $3.00 mez. 


$1.60 ne?. 


+ 


WALKER, James, Christ Church, Ovford 
The Analytical Theory of Light. 
15+416 pp Imp. 8vo, cloth, 64 fig., $5.00 ne/. 
WHITTAKER, E. T., 7viniiyv College, Cambridge. 
A Treatise on the Analytical Dynamics of Particles and Rigid Bodies. With 


an Introduction to the Problem of Three Bodies. 
13~414 pp. Imperial 8vo, cl , $4 00 » 


Postage on net books ordered of the publishers is unyformly an extra charge 


By the Macmillan Company, 64-66 Fifth Ave.,N.Y. 











20 














